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Safeguard the world’s worst pathogens 


ore people in more places are researching 
the world’s most dangerous pathogens. This 
work helps prepare against future pandemics, 
but it’s not without danger. Pathogens could 
escape from research facilities, so it is vital for 
countries to assess potential hazards and have 
procedures in place to manage the risks. This 
doesn’t happen enough. 

Earlier this year, the Global Biolabs initiative released 
a report tracking the growth of maximum containment 
labs. These facilities provide extremely high levels of pro- 
tection when there are very high risks to lab personnel, 
the wider community, or the environment. The report 
reveals that in 2000, there were only 13 such labs in the 
world. The number of labs in opera- 
tion, under construction, or planned 
has risen steadily: to 59 labs in 23 
countries in 2021, and 69 labs in 27 
countries in 2023. This boom in labs 
has not been sufficiently accompanied 
by strengthened safety and security. 

At the international level, there is 
guidance to help prevent harm from 
maximum containment labs, includ- 
ing guidance from the World Health 
Organization on lab biosafety (2020) 
and responsible conduct (2022), and 
from the World Organization for 
Animal Health on lab biosafety and 
biosecurity (2023) and responsible 
conduct (2019). Compliance, how- 
ever, remains voluntary, and keeping pace with technical 
developments remains a challenge. A stronger evidence 
base for assessing risks and the efficacy of responses is 
needed. For example, the 2022 White House lab biorisk 
science & technology roadmap needs to move forward, in 
particular the recommendation to create a globally dis- 
tributed research agenda. 

Although maximum containment-based research is 
intended to provide benefits, it could be misapplied to 
do harm. The risks of such “dual use” research deserve 
more international attention. There has been a need for 
a global organization—such as the International Biosecu- 
rity and Biosafety Initiative for Science, whose primary 
focus is on the emerging risks from biotechnology—that 
can help to “de-risk” tool development and implemen- 
tation, and help to bring together policy, academic, and 
public sectors. At the national level, every country with a 
maximum containment lab must have relevant rules and 
regulations in place. It should be clear what research can 
(and cannot) be done, who is responsible, and what stan- 


“Every country... 
needs a 
plan to prevent 


accidents 
and deliberate 
harm.” 


dards are to be followed. Every country with such a lab 
needs a plan to prevent accidents and deliberate harm. 
Very few countries have dedicated biosecurity strategies, 
such as the National Biological Security Strategy released 
by the UK in June. Every country with a maximum con- 
tainment lab should be cultivating a strong culture of 
responsibility, such as is found in the International Ge- 
netically Engineered Machine competition. Responsible 
oversight and strengthening cultures of responsibility 
should also be integrated into national bioeconomy strat- 
egies—which are much more widely adopted than their 
biosecurity counterparts. 

Does the world really need so many of these labs? Eq- 
uitable access will be vital to create a world where local 
people can solve local problems us- 
ing the powers of bioscience and bio- 
technology. However, aside from the 
risks, maximum containment labs are 
costly and complex to run. Alterna- 
tive strategies already exist for reduc- 
ing the need for containment when 
researching dangerous pathogens. 
For example, sometimes parts from 
pathogens can be studied in less risky 
microbes, as is increasingly common 
in basic research and vaccine devel- 
opment for influenza viruses and 
coronaviruses. 

Future capabilities may come on- 
line that further erode the need for 
these labs. Machine learning is al- 
lowing more work to be attempted on computers. This 
does not completely remove the need for labs, though it 
might reduce the number required to verify simulations 
with real experiments. This approach opens the door for 
more distributed access to research. Policy-makers are 
concerned that these tools could be misused to cause de- 
liberate harm. The potential for artificial intelligence (AD 
to aid the development of bioweapons will be discussed 
at the AI Safety Summit. A more permanent forum is 
needed to understand the biosecurity implications of the 
overlap of AI and bioscience. Better and more widely ad- 
opted tools to screen for potential hazards are needed in 
gene synthesis companies, biofoundries, and cloud labs— 
which will help turn simulations into biology. 

As more people in more places research dangerous 
pathogens, it is vital that they manage the risks. Balanc- 
ing the need for critical research with measures to en- 
sure the work is done safely, securely, and responsibly is 
a task for everyone. 

—Piers Millett 
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American Museum of Natural History President Sean Decatur, 
in The New York Times, about the museum's plan to reconsider its historic collection 
of human remains, which includes bones of Indigenous and enslaved people. 


Edited by Jeffrey Brainard 
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Asteroid samples rich in water, organics 


he first look at material from the asteroid Bennu, delivered to 

Earth last month by NASA’s OSIRIS-REx spacecraft, has revealed 

high levels of water and organic molecules. Further analysis 

could yield clues about how asteroid impacts on Earth billions of 

years ago may have helped life get a start. Technicians at Johnson 

Space Center have not yet opened the main sample container. 
But initial tests of dust and grit that leaked into a surrounding com- 
partment show hints of carbonate, which may have precipitated out of 
flowing water on Bennu’s parent body during the infancy of the Solar 
System, NASA said last week. After the container is opened and the 
roughly 250 grams of asteroid material it holds are cataloged, one- 
quarter will be distributed to scientists worldwide and the rest pre- 
served for future generations. 
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China tightens ethics reviews 


RESEARCH INTEGRITY | China last week 
further toughened government regulation 
of biomedical research by requiring ethics 
reviews of studies done in the private sector. 
The new measures also clarify review proce- 
dures for work involving animals, artificial 
intelligence, medicine, and genetic data. 
Previous rules, unveiled in March, covered 
only research involving human subjects con- 
ducted at public institutions. The new rules 
were prompted, in part, by the controversial 
genetic engineering of three babies in 2018 
by biophysicist Jiankui He, who now works 
at Wuchang University of Technology and 

a private nonprofit in Beijing. But, “China 
still has quite some distance to go to enforce ° 
these new measures,” says sociologist Joy 
Zhang of the University of Kent. And a 
preprint posted last week by a group at the 
Second Nanning People’s Hospital suggests « 
past regulations have had limited impact. 

It reported that, in a survey, more than 53% 

of 6200 medical residents at 17 hospitals in 
southwest China admitted committing at 

least one form of research misconduct. 


Wellcome Trust gets new head 


LEADERSHIP | John-Arne Rottingen has 
been named the new head of the Wellcome. 
Trust, one of the world’s largest nongovern-  ¢ 
mental funders of scientific research, the U.K. 
foundation announced last week. Rottingen, 
who holds M.D. and Ph.D. degrees, was the 
founding CEO of the Coalition for Epidemic 
Preparedness Innovations and has been 
ambassador for global health at the Ministry 
of Foreign Affairs in his native Norway 

since 2020. During the pandemic, he led 

the steering committee of the World Health 
Organization’s (WHO’s) Solidarity Trial, 
which evaluated drugs for treating SARS- 
CoV-2 infections. After he takes the reins 

at Wellcome in 2024, Rottingen will help 
oversee the spending of £16 billion (more 
than $19 billion) over the next decade to find 
science-based solutions to challenges such 

as mental health, infectious disease, and the 
health impacts of climate change, the founda- 
tion said. He will succeed Paul Schreier, who 
became interim CEO this year after Jeremy 
Farrar, Wellcome’s previous head, stepped 
down to become WHO's chief scientist. 
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IN FOCUS A zebrafish, a model organism 


widely studied by biologists, is shown in one 


of the top winners of this year’s Nikon Small World 
Photomicrography Competition. Researchers at the 

U.S. National Institutes of Health investigated this adult, 

a specimen genetically engineered so its blood vessels appear 
blue and its lymphatic vessels, orange. Its external membranes 


are stained purple. 


Al spots, reports supernova 


ASTRONOMY | Researchers have applied 

an automated method to detect a new 
supernova without human intervention, 
which they say will reduce error and speed 
up discoveries. The first signs of the super- 
nova, called SN 2023tyk, were recorded 

on 3 October by the Zwicky Transient 
Facility, an automated telescope network 
in California that surveys the sky and typi- 
cally identifies about 50 bright candidate 
events a night. Astronomers often need 
days to manually inspect them and get 
follow-up observations of the most prom- 
ising. Instead, a team at Northwestern 
University applied an artificial intelligence 
algorithm, called the Bright Transient 
Survey Bot, which had been trained on 

14 million historical images. It requested 
automated follow-up observations for SN 
2023tyk and by 7 October had reported the 
confirmed and classified supernova to the 
Transient Name Server, a clearinghouse for 
astronomers. Supernovae last for weeks, 
but researchers want to observe them early 
to obtain clues about processes such as 
how they forge heavy elements. 


Scientists decry ‘antiwoke’ vow 


PoLicy | A pledge by the United 
Kingdom’s Conservative government to 
“kick woke ideology out of science” has 
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sparked controversy. In a 3 October speech, 
science minister Michelle Donelan vowed 
to stop “the steady creep of political cor- 
rectness” in research. She claimed that 
scientists are being “told by university 
bureaucrats that they cannot ask legiti- 
mate research questions about biological 
sex” and said the government is launch- 
ing a review to produce guidance in 2024 
on sex and gender questions in studies. 
More than 2000 researchers have signed 
an open letter stating they “are appalled, 
saddened, and angry that the government 
claims to be speaking for science in this 
way.’ It accuses Donelan of trying to “stoke 
so-called culture wars and make the U.K. 
increasingly hostile towards people identi- 
fying as intersex, non-binary, and/or trans. 
... Far from depoliticizing science, this 
policy appears to be driven by ideology.” 


BY THE NUMBERS 
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Number of cells that have ever lived, 
according to one of the first studies 
to give an estimate. The 
total is 22 orders of magnitude higher 
than the number of sand grains on 
Earth. (Current Biology) 


High court declines carbon case 


CLIMATE POLICY | The U.S. Supreme Court 
last week refused to hear a challenge to 

the Biden administration’s plan to assign 

a higher cost to the damage caused by car- 
bon pollution. The plaintiffs—a coalition 

of Republican-led, fossil fuel-producing 
states—argued that the administration’s 

plan to raise what’s called the social cost 

of carbon would harm their economies. 
The metric attempts to capture the costs of °¢ 
carbon emissions, such as adverse health 
effects, that are not reflected in market 
prices; agencies use it to calculate the costs 
and benefits of regulations. The Biden 
administration previously raised it to 

$51 per ton and this year proposed a fur- 
ther increase to $190. Industry groups and 
others are expected to challenge specific 
agency rules that use the estimate. 


Project collects African genomes 


BIOMEDICINE | Researchers this week 
announced plans to create the first-ever 
database of genomes exclusively from 
people with African ancestry. They are 
among the most genetically diverse in 

the world but remain underrepresented 

in genetic databases, and by extension, 
genetic studies: Only 0.48% of participants 
in such research worldwide identify as 
African American or Afro-Caribbean and 
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a mere 0.18% as African. As a result, some 
treatments—for cancer, for example— 

may not work well in this group because 
they were tested primarily in people of 
European ancestry. The new effort, called 
Together for Changing Healthcare for 
People of African Ancestry through an 
InterNational Genomics & Equity, aims to 
recruit at least 500,000 volunteers. It is 
being led by Meharry Medical College, a 
historically Black college, and the phar- 
maceutical companies AstraZeneca, Novo 
Nordisk, Regeneron, and Roche. Each com- 
pany is contributing $20 million. The group 
expects to form partnerships with other 
historically Black U.S. institutions and with 
universities in Africa. All partners will have 
exclusive access to the resulting data. 


Ancient Egyptian snakes ID’d 


ARCHAEOLOGY | Scientists have put 
names to some of the mysterious snake 
species that bit ancient Egyptians. 
Researchers have long disagreed about 
the identities of 34 snakes mentioned in 
a scroll, dated to the 6th century B.C.E. 
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and housed in the Brooklyn Museum, that 
describes how to treat snakebites and is 
considered one of the first medical texts. 
A team at Bangor University analyzed 

19 variables that describe the climate of 
known snake species’ ranges and con- 
cluded that nine—including the highly 
venomous puff adder and black mamba— 
that no longer live in modern Egypt could 
have lived in the climate prevailing in 
ancient Egypt, they reported on 7 October 
in Environmental Archaeology. 


Wildcats reintroduced in Scotland 


CONSERVATION | The first deliberate 
reintroduction of a mammalian predator 
in the United Kingdom is showing signs of 
success as 19 Scottish wildcats appear to be 
adapting to the wild, the Royal Zoological 
Society of Scotland announced last week. 
It bred the critically endangered animals— 
a subpopulation of the Eurasian wildcat 
(Felis silvestris)—and released them this 
summer into Cairngorms National Park. 
Data from GPS transmitters and wildlife 
cameras indicate they are hunting. 


id by the ancient 
Mount Vesuvius. 


Al and x-rays decipher burned scroll 


esearchers last week unveiled the first whole word to be identified from what 

remains of papyrus scrolls incinerated by the eruption of Mount Vesuvius in 

79 C.E.: “porphyras,” which means “purple” in ancient Greek. Unfurling the scrolls, 

recovered from a ruined library in the ancient town of Herculaneum, would almost 

certainly destroy them. But the researchers were able to read letters inside one of 
them by training an artificial intelligence algorithm to decipher the grainy, barely legible 
characters revealed by x-rays. By decoding that first word, Luke Farritor, a computer 
science student at the University of Nebraska, Lincoln, earned a $40,000 prize from 
a competition, the Vesuvius Challenge, which began in 2019. Still unclaimed is its 
$700,000 grand prize for the first to decipher four passages from inside one of the 
scrolls; the deadline looms at the end of this year. 
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Reform-minded editor may 
shake up psychology journal 


After high-profile retractions and reports 
that many studies can’t be replicated, 
behavioral science is under scrutiny. 

So proponents of reform welcomed the 
news this month that a leading propo- 
nent of rigor and open science will lead 
one of the field’s most prominent jour- 
nals, Psychological Science, in January 
2024. The new editor-in-chief, University 
of Melbourne psychologist Simine Vazire, 
has stood up for change, resigning in 
2018 froma U.S. National Academies 

of Sciences, Engineering, and Medicine 
panel on reproducibility over how much 
error in science should be considered 
acceptable. She spoke with Science 
about her plans for the journal. (A longer 
version of this interview is at https:// 
scim.ag/VazireQA.) 


Q: Why take these reins? 

A: I've worked a lot from within the estab- 
lishment while also being prepared to call 
out things that | see. | have to admit that 

| was surprised [at being chosen]. But it 
feels nice to see that even a journal that’s « 
quite mainstream is open to continuing 

to move in this direction. 


Q: Why is this important for reform? 

A: [Psychological Science] controls a 

lot of incentives. Getting a paper into 

a [prestigious] journal can affect your 
chances of getting a grant, a job, an 

award. So even small changes in the 
incentives and reward structure at jour- . 
nals have a really big impact. C 


Q: What do you intend to change? 

A: | plan to move to transparent peer 
review—publishing the [anonymous] 
peer review history for all accepted 
manuscripts. Editors can help make 
verification of findings easier. We're 
planning to require that any published 
article has open data, materials, and 
code, with exceptions in cases where 
that’s ethically challenging. Journals 
can encourage either internal or third- 
party checks, maybe random checks 

or end-of-year audits. Journals can do 
more to also create a culture where just 
because something passed peer review 
doesn’t mean that’s the end of scrutiny, 
and where we welcome and facilitate 
ongoing questioning. 
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In August, the Sun rose b 
the Extremely Large Telestupe, 
under construction in Chile. 


Giant European scope rises as U.S. rivals stumble 


Past the halfway point, Extremely Large Telescope prepares to receive first mirrors 


By Daniel Clery 


web of steel girders is rising from 

the flattened summit of Cerro Arma- 

zones, 3000 meters above sea level 

in Chile’s Atacama Desert. The dome 

it will support will be vast—with a 

footprint as big as a soccer field and 
almost as tall as the Statue of Liberty— 
and unexpectedly nimble: It will smoothly 
rotate on rails as a giant telescope inside 
tracks stars through the night. 

Everything about the aptly named Ex- 
tremely Large Telescope (ELT) inspires 
awe. Its main reflector will be a bowl of 
silvered glass 39 meters across—the size of 
three IMAX screens—and the patchwork of 
798 hexagonal mirror segments that com- 
prise it must together form a perfect pa- 
rabola down to a few tens of nanometers. 
The biggest optical telescope ever built, 
it will take pictures of Earth-like worlds 
around others stars and look for signs of 
life in their atmospheres. 

A few months ago, the European South- 
ern Observatory (ESO), which is building the 
$1.5 billion telescope, declared that construc- 
tion had passed the halfway mark. Next 
month, the first batch of polished mirror seg- 
ments should set off from France by ship in 
a temperature-controlled container. “It really 
is going to happen,” says astronomer Richard 
Ellis of University College London. 
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As ELT marches toward completion in 
2028 or 2029, U.S. astronomers can only 
look on in envy. A pair of similarly ambi- 
tious U.S.-led projects—the Giant Magel- 
lan Telescope (GMT) and the Thirty Meter 
Telescope (TMT)—once vied with ELT to be 
first on the sky. Although the projects are 
also polishing mirrors, they have not begun 
construction—and success is not assured. 
Unable to find enough funding from private 
and international sources, they are waiting 
for the National Science Foundation (NSF) 
to bail them out by paying at least 25% of 
their combined cost of about $5 billion. Ear- 
lier this month, NSF Director Sethuraman 
Panchanathan, speaking to a Senate com- 
mittee, said the agency was looking to make 
a budget request for construction fund- 
ing—but not until fiscal years 2025 or 2026. 
“There is some urgency,’ says John O’Meara, 
chief scientist of the W. M. Keck Observatory. 
“They need investment by NSF to move for- 
ward or the projects are in serious jeopardy.” 

ESO, with 16 member nations and a treaty 
that guarantees steady annual income, can 
pay for ELT without serious sacrifices, al- 
though a few years ago it had to shrink the 
mirror from an originally planned 42 meters. 
But for TMT and GMT, led respectively by 
the California Institute of Technology and 
the University of California and by the 
Carnegie Institution for Science, it’s been 
a struggle. Fundraising has stalled even 


though the projects have attracted interna- 
tional partners in Australia, Brazil, South 
Korea, Japan, India, Canada, and China. 
Ellis, a former TMT board member, thinks 
it was unrealistic for private institutions to 
think they could manage multibillion-dollar 
projects. “This is well beyond any individ- 
ual university or consortium,” he says. 

The two projects acknowledged as much 
in 2018. Burying the hatchet after years of 
competition, they joined forces to propose 
that NSF take a share in the two telescopes, 
giving publicly funded U.S. astronomers ac- 
cess. In 2021, that proposal, dubbed US-ELT, 
was named the highest priority in ground- 
based astronomy by the field’s “decadal sur- 


Chec 
upd 


ry 


vey,’ a community exercise that is meant to ~ 


guide NSF and Congress. 

Both projects passed NSF's preliminary de- 
sign review earlier this year. But that is just 
the first of many hurdles. Next week, an NSF 
panel will assess whether the projects are 
ready to move to final design and will make a 
recommendation to Panchanathan. Only af- 
ter the projects are in the final design stage 
will NSF consider requesting construction 
funding from Congress. 

Even for the U.S. government, the ask may 
be too big. Just one of the telescopes would 
be NSF's biggest ever outlay for a facility, and 
Ellis isn’t sure NSF’s astronomy division can 
convince others that contributing to both 
at a cost of well over $1 billion is justified. 
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Another problem is operating costs, which 
at NSF come out of the same account as 
grants to researchers. Funding one-quarter 
of US-ELT’s day-to-day operations—likely to 
be more than $100 million annually—would 
create a painful squeeze for the astronomy di- 
vision. Ellis thinks NSF’s slowness to act is a 
sign of reluctance. “After 2 years there’s noth- 
ing to show,” he says. “It would be a tragedy 
for U.S. astronomy if they don’t get built.” 

In the case of TMT, there is an added com- 
plication. TMT’s chosen site, near the sum- 
mit of Mauna Kea on Hawaii’s Big Island, 
has been opposed by local people including 
Native Hawaiians who want no more tele- 
scopes built on what they consider a sacred 
place. Protesters blocked an attempt to begin 
construction in 2015. A second attempt in 
2019 was also stymied after protesters built a 
camp along the summit access road. 

Now, says TMT Executive Director Robert 
Kirshner, “We’re doing a lot of community 


At the GMT site at Las Campanas Ob- 
servatory in Chile the seven mirrors will be 
combined to form a 25.4-meter main reflec- 
tor. It will give GMT a wide field of view, per- 
fect for surveys, says Chief Scientist Rebecca 
Bernstein. “Some kinds of science need to get 
large numbers of objects very efficiently,’ she 
says. The support structure for this mirror is 
fully designed, Bernstein says, and the team 
is preparing to begin construction. 

Like ELT, TMT will consist of a mosaic of 
smaller mirrors, an approach pioneered on 
the existing 10-meter Keck telescopes. At the 
Richmond, California, plant of the company 
Coherent, an assembly line is polishing three 
1.5-meter mirrors each month before trim- 
ming them into hexagons. While Coherent 
is making 230 mirror segments, other teams 
in India, China, and Japan will produce 
the remainder of TMT’s required 492 (plus 
80 spares). Kirshner says 97 are done so far. 
Canada is poised to build the telescope’s en- 


German company Schott has cast glass “blanks” for the Extremely Large Telescope’s 798 hexagonal mirror segments. 


work in Hawaii. ... We have to find a solu- 
tion that is agreeable to everyone.” NSF, too, 
is legally required to assess the project’s en- 
vironmental, historical, and cultural impacts 
before endorsing it. Officials held public 
meetings on the Big Island in the summer 
of 2022, some marked by fractious debates. 
The agency is now evaluating what it learned. 
Linnea Avallone, NSF’s Chief Officer for Re- 
search Facilities, says the process will take 
2 years to complete. 

TMT and GMT continue to work with 
what funding they have. Three of GMT’s 
seven 8.4-meter mirrors are finished, three 
are awaiting polishing, and technicians at 
the University of Arizona last month loaded 
20 tons of glass into a circular mold to cast 
the last one. The glass will be heated gradu- 
ally to 1165°C while slowly spinning to give 
the mirror its parabolic shape. 
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closure and Japan has committed to building 
its support structure—once the site dispute 
has been settled. 

ELT has had hiccups of its own. The 
€400 million contract for its structure 
and enclosure—the biggest ESO has ever 
awarded—went to a consortium of two Ital- 
ian companies, Astaldi and Cimolai. When 
Astaldi went bankrupt in 2018, Cimolai 
had to take over, which led to delays that 
ESO says it has recovered from. French 
company Safran-Reosc is producing up to 
four mirror segments a week at a dedicated 
factory in Poitier and is ramping up, says 
ELT program manager Roberto Tamai. 
Once the first 45 have passed inspection, 
they’ll be packaged up and dispatched to 
Chile. Tamai says: “Now you can touch 
with your hand things that were only on 
paper for so many years.” 


Restricting use 
of Indigenous 
funerary photos 
splits society 


Journal policy aims to boost 


tribal ties, but critics fear loss 
of academic freedom 


By Lizzie Wade 


s editor-elect of the journal South- 
eastern Archaeology, Rob Beck 
helped choose a cover photo for the 
penultimate issue of 2020. It showed 
about 20 ceramic vessels, some 
painted with colorful patterns. They ¢ 
had been excavated in the early 1900s from 
the Crystal River Archaeological State Park 
in Florida, home to some of the region’s old- 
est ancient Indigenous earthworks. ‘ 

But Beck, an archaeologist at the Univer- 
sity of Michigan, came to regret his choice. 
The vessels had been excavated from a fu- 
neral mound, and Indigenous members of 
the Southeastern Archaeological Conference 
(SEAC) objected, saying the images could 
severely offend tribal members who viewed 
them. The journal had already stopped pub- 
lishing images of human remains for simi- 
lar reasons. So Beck helped develop a new . 
policy: The journal would publish only line °¢ 
drawings of funerary objects; photographs 
could only appear in a supplemental online 
database. And in both cases, researchers 
would be required to first consult tribes. 

But that decision, too, sparked an outcry. 

“T felt like I’d been kicked in the gut,’ says ~ 
Vin Steponaitis, an archaeologist at the Uni- 
versity of North Carolina at Chapel Hill, who 
says it’s crucial for scholars to freely share 
and study such images. “There’d been no 
discussion of it with the membership, and 
I could instantly see that this policy would 
have a major impact on shutting down re- 
search.” He was one of 30 SEAC members 
who signed a petition calling for a vote to 
revoke the image policy. 

Both sides will present arguments on 
27 October at SEAC’s annual meeting in 
Chattanooga, Tennessee; the membership 
will vote in early November. 

Carlton Shield Chief Gover, an archaeo- 
logist at Indiana University Bloomington 
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Indigenous scholars objected to publishing photos of funerary objects excavated from an earthen mound complex at Florida's Crystal River Archaeological State Park. 


and a citizen of the Pawnee Nation of Okla- 
homa, says the vote is a key barometer of 
how much archaeology values collaboration 
with the descendants of people they study. 
“Archaeologists across the country watch 
SEAC,” he says. 

Beck hopes members will support the 
new policy. “We can’t just bring [Indig- 
enous] folks in and then say, don’t change 
anything.” If the vote upholds the restric- 
tions, researchers expect similar policies to 
spread to other journals, conference talks, 
and perhaps eventually classrooms. “We 
have to rethink all of it. And that’s not a bad 
place to be,” Beck says. 

Avoiding such images is crucial for some 
Indigenous people. “Funerary objects are 
sacred and part of the ancestor they were 
buried with,” says RaeLynn Butler, citizen 
of the Muscogee (Creek) Nation and historic 
and cultural preservation manager for her 
tribe. Many tribal members say seeing im- 
ages of ancestral remains and funerary ob- 
jects is a violation so profound it can induce 
physical illness. “From a Muscogee cultural 
perspective, publishing photos of funerary 
objects is a form of exploitation,” she says. 

The point of SEAC’s policy is not to uni- 
formly ban all such images, but to encour- 
age collaboration with tribes, says Beau 
Carroll, lead archaeologist for and member 
of the Eastern Band of Cherokee Indians 
and a doctoral student at the University of 
Tennessee, Knoxville. Along with Beck, he 
was on the task force that wrote SEAC’s im- 
age policy. “We're just asking for a conversa- 
tion that includes us,” Carroll says. 

Because the U.S. government forcibly re- 
moved almost all Indigenous people from 
the southeast in the 19th century, many of 
the region’s tribes, including the Muscogee 
(Creek) Nation, now live in Oklahoma. That 
created the illusion that “it doesn’t matter 
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what you do with our remains, because 
we're gone,” Carroll says. But the tribes re- 
tain a deep connection to their ancestors 
and homelands, as well as cultural knowl- 
edge that enriches research, he says. 

Archaeologists on both sides of the de- 
bate agree consulting tribes is an ethical 
imperative and often improves research. 
But Steponaitis says scholars ranging from 
Ph.D. candidates to emeritus professors told 
him they worried that under the new im- 
age policy, their work could no longer be 
published by their society’s flagship jour- 
nal, and that yearslong projects could be 
suddenly stalled. What is considered ethical 
is changing so fast that “the goalposts are 
moving from week to week,” he says. 

That’s especially concerning to those in 
the field of iconography, which deciphers 
the meaning of the motifs decorating fu- 
nerary objects through detailed visual 
analysis. Without images of an object, an 
iconographic study “is unintelligible,” says 
Vernon James Knight, an archaeologist and 
professor emeritus at the University of Ala- 
bama, who signed the petition. 

Line drawings are prohibitively expensive 
and don’t capture critical subtleties, and 
photos published as online supplemental 
material will likely disappear as technology 
changes, Steponaitis says. He also argues 
the new consultation requirement impinges 
on academic freedom. “If what I publish as 
a scholar can be suppressed by government 
officials—and I don’t care if it’s a state gov- 
ernment, the federal government, or a tribal 
government—that’s a huge problem,” he says. 

If the restrictions spread, they could 
hamper education and even preservation, 
worries Jessica Fleming Crawford, the 
southeast regional director for the Archaeo- 
logical Conservancy and a SEAC member 
who signed the petition. Students who don’t 


see funerary objects in the classroom might 
not recognize them during salvage work, 
she says. “I’ve walked around so many sites 
surrounded by destruction,” she says. “I 
want us to have the best archaeologists out 
there working for and with tribes.” 

Butler and other supporters of the policy 
compare the consultation requirement to 
the institutional review board process man- 
dated in other fields of research. They also 
point out that federally recognized tribes 
are sovereign nations and have the right to 
govern their cultural heritage. “It’s just like 
if you were doing archaeology in Greece,” 
where researchers need permits and must 
comply with heritage laws, says Victor 
Thompson, an archaeologist at the Univer- 
sity of Georgia and a SEAC member who 
supports the policy. 

Carroll warns that if the referendum 
passes and the image policy is overturned, 
collaboration “is going to go back 10 or 
15 years. It’s going to destroy whatever re- 
lationship [archaeologists] developed over 
that time.” 

The petitioners say their biggest com- 
plaint is that SEAC’s executive committee 
approved the policy without putting it to a 
vote by the membership. Such a significant 
change “should be a policy the membership 
is invested in, not one that a small group of 
members have imposed,” Steponaitis says. 

The petitioners’ concerns about not be- 
ing consulted are “ironic,” Carroll says. 
“It’s pretty much everything Indian people 
have been saying for 100 years.” But Shield 
Chief Gover, who is currently develop- 
ing a similar image policy for the Plains 
Anthropological Society, says archaeologists 
should have a chance to freely debate their 
field’s changing norms. The approval pro- 
cess in his society, he says, will begin with a 
membership-wide vote. & 
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NASA launches spacecraft to 
a mysterious metal-rich asteroid 


The asteroid Psyche could be the remnant of a protoplanet, 
offering insight into the formation of planetary cores 


By Michael Greshko 


hen Lindy Elkins-Tanton imag- 

ines the metallic asteroid Psyche, 

she dreams of terrain unlike any 

seen before. Small craters could 

look like frozen splashes of water, 

fringed with silvery spires. Metal- 

lic lavas, squeezed out billions of years ago, 

might shimmer nearby. Gigantic cliff faces, 

cleaved from the asteroid’s metal crust as it 

cooled and contracted long ago, might be 
studded with green crystals of olivine. 

Whether these vistas exist depends on 

whether the asteroid, a beguiling 220-kilo- 

meter-wide object discovered in 1852, really 

is the hunk of iron and nickel long as- 

sumed by astronomers. Now, Elkins-Tanton 

and her colleagues are one step closer to 

finding out, after a $1.2 billion NASA mis- 

sion to Psyche launched on 13 October. “It’s 

beautifully motivating to be doing a pri- 
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mary kind of exploration to a body that no 
human has ever seen before,’ says Elkins- 
Tanton, principal investigator of the mis- 
sion, also named Psyche, and a planetary 
scientist at Arizona State University. 
Previous missions to asteroids, which rep- 
resent the leftovers from planet formation, 
have explored bodies with mostly rocky ex- 
teriors. Psyche will be the first to rendez- 
vous with an “M-type” asteroid: a group of 
unusually reflective and dense asteroids. 
For decades, scientists have wondered 
whether Psyche is the denuded metal core 
of a larger protoplanet. According to this 
scenario, some 4.5 billion years ago, the 
original body grew massive enough that 
the heat from its gravitational collapse 
and radioactive elements partially melted 
the rocks, which separated into layers. The 
heaviest metals sank to form a core. Mil- 
lions of years later, a cataclysmic “hit-and- 
run” collision with another budding world 


ANASA probe will spend 2 years 
orbiting the asteroid Psyche, which 
may be between 30% and 60% metal. 


stripped it of its outermost layers and ex- 
posed its iron-nickel heart. 

The chance to get a close look at a rocky 
world’s metallic core was a selling point of 
the mission when NASA selected it in 2017. 
It promised insights into the composition 
and history of the deeply buried cores in 
full-fledged planets. “There’s no easy way to 
probe what a core would be like in Earth 
or Venus and the rest,” says Psyche science 
team member Bill Bottke, a planetary sci- 
entist at the Southwest Research Institute. 

Once the spacecraft arrives at Psyche in 
2029, it will spend more than 2 years in or- 
bit testing the hypothesis. Subtle shifts in 
the spacecraft’s radio communications with 
Earth will let researchers map the asteroid’s 
gravity field, revealing whether Psyche is a 
uniformly dense hunk of metal or glommed 
together from rubble. A magnetometer will 
search for relic magnetic fields, perhaps 
leftover from when the metal was a churn- 
ing liquid dynamo. Gamma rays and neu- 
trons given off by the asteroid’s surface as it 
is bombarded by the solar wind and cosmic 
rays should reveal the presence of nickel, 
expected to make up between 4% and 12% 
of a metallic core’s weight. Imagers will also 
take pictures of Psyche’s terrain that, at 
their highest resolution, will reveal features 
as small as basketball courts. 

Data from ground-based telescopes 
have already dealt the metal-core hypoth- 
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esis some blows. “I’d call that a long shot,” 
says Bloomsburg University of Pennsylva- 
nia astronomer Michael Shepard. Updated 
estimates of Psyche’s mass and volume, 
some from Shepard, have found that it is 
only about half as dense as iron meteor- 
ites. What’s more, studies of light reflected 
from Psyche suggest it isn’t purely metal 
but probably contains some carbonaceous 
material, a typical asteroid ingredient, and 
rocky silicate minerals. 

The Psyche team now estimates the as- 
teroid is between 30% and 60% metal by 
volume: not a hunk of pure metal, but per- 
haps a somewhat porous mix of a proto- 
planet’s core and mantle, mangled by the 
hit-and-run collision and then given a car- 
bonaceous dusting by billions of years of 
smaller impacts. 

Another possibility is that Psyche has a 
metallic core hidden by an especially thin, 
rocky mantle. The shiny patches seen on 
its surface from afar could be the result 
of ancient bouts of “ferrovolcanism” that 
oozed fluid iron sulfide onto the surface. Or 
Psyche may not have any core or mantle at 
all. It might just be an unlayered conglom- 
eration of grains assembled in a metal-rich 
region of the protoplanetary disk of gas and 
dust surrounding the young Sun. 

Rare meteorites called enstatite chon- 
drites have high metal contents and Psyche- 
like densities, but their parent body is 
thought to have formed closer to the Sun. 
The orbits of Psyche and its fellow M-types 
instead resemble the paths of asteroids that 
seem to have formed beyond the orbit of Ju- 
piter. “If you’re going to make Psyche in all 
these crazy places, how does it get to the 
asteroid belt?” Bottke asks. 

Getting the Psyche spacecraft to the as- 
teroid belt has also come with challenges. It 
launched a year late because of slowdowns 
in software testing that an independent 
review board partially attributed to under- 
staffing at NASA’s Jet Propulsion Labora- 
tory, which manages Psyche. That led to 
budget overruns that forced NASA to divert 
funding from VERITAS, a planned Venus 
mission. “Everyone’s doing their best and, 
you know, sometimes the resources just 
don’t stretch,” Elkins-Tanton says. 

She hopes for smoother sailing 6 years 
and 3.6 billion kilometers from now, once 
the Psyche spacecraft settles into orbit 
around its namesake. It promises to add to 
the menagerie of asteroids and comets that 
humans have explored. The exotic asteroid 
will also expand our imagination, Elkins- 
Tanton says: “It’s like suddenly discovering 
there’s such a thing as butterflies.” 


Michael Greshko is a science journalist 
in Washington, D.C. 
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Probe of Alzheimer’s studies 
finds ‘egregious misconduct’ 


Co-developer of biotech’s drug couldn't supply original data 


By Charles Piller 


assava Sciences, a biotech company 

whose work on the experimental Al- 

zheimer’s drug simufilam has been 

heavily criticized and is the subject of 

ongoing federal probes, has suffered 

another blow. A much-anticipated 
investigation by the City University of New 
York has accused neuroscientist Hoau-Yan 
Wang, a CUNY faculty member and long- 
time Cassava collaborator, of scientific mis- 
conduct involving 20 research papers. Many 
provided key support for simufilam’s jump 
from the lab into clinical studies, and some 
scientists are now calling for the two on- 
going trials to be suspended. 

The investigative committee found nu- 
merous signs that images were improperly 
manipulated, for example in a 2012 paper in 
The Journal of Neuroscience that suggested 
simufilam can blunt the pathological effects 
of beta amyloid, a protein widely thought to 
drive Alzheimer’s disease. It also concluded 
that Lindsay Burns, Cassava’s senior vice 
president for neuroscience and a co-author 
on several of the papers, bears primary or 
partial responsibility for some of the pos- 
sible misconduct or scientific errors. 

The committee could not prove its sus- 
picions, however, because Wang did not 
produce the original raw data. Instead, the 
panel says its finding of wrongdoing was 
based on “long-standing and egregious mis- 
conduct in data management and record 
keeping by Dr. Wang.” 

The 50-page report obtained by Science 
says the scientist failed to turn over to the 
panel “even a single datum or notebook 
in response to any allegation” and cites 
“Wang’s inability or unwillingness to pro- 
vide primary research materials to this in- 
vestigation” as a “deep source of frustration.” 

Wang’s attorney, Jennifer Beidel 
Scramlin, said neither she nor her client can 
comment about the report until they speak 
with CUNY, and that university representa- 
tives have not responded to their inquiries. 
But the report says Wang offered a variety 
of defenses, including a claim that much of 
his original data had been “thrown away in 
response to a request from CCNY [City Col- 
lege of New York] to clean the lab during 


the COVID-19 pandemic.” (CCNY is part of 
CUNY.) The panel could find no evidence of 
such a request. 

The CUNY investigation into Wang be- 
gan in the fall of 2021, in response to alle- 
gations from other investigators that were 
forwarded by the Office of Research Integ- 
rity (ORI), the federal entity that oversees 
work funded by the National Institutes of 
Health. NIH provided millions of dollars for 
work by Wang and Burns, including about 
$1.2 million to Wang since December 2020. 
The investigation was not completed until 
this year, in May, according to emails ob- 
tained by Science. 

The four-member investigative panel of ¢ 
researchers, led by CUNY neuroscientist 
Orie Shafer, encountered delays beyond its 
failed efforts to obtain raw data from Wang. 
For 6 months, university officials stone- + 
walled the panel’s requests for image files 
confiscated from Wang’s computers, accord- 
ing to the report. The investigators received 
the files only after appealing directly to 
Vincent Boudreau, president of CCNY. 

Science obtained the report, labeled “Fi- 
nal,’ from a person who requested anonymity 
because they are not authorized to share it. 
The university forwarded the report to ORI, 
according to emails obtained by Science. But 
it has taken no public steps regarding Wang 
during the roughly 5 months since the report 
was completed. In response to questions from 
Science, Dee Dee Mozeleski, senior adviser to 
the CCNY president, said Boudreau could not 
comment on the matter at this time, but “ac- 
tion on the report is imminent.” 

CUNY biochemist Kevin Gardner, who 
helped prepare a preliminary assessment of 
Wang’s work but was not involved in the fi- 
nal review, calls what the panel found “em- 
barrassing beyond words.” Wang’s record of 
research is “abhorrent,” he says. That this 
work has supported clinical trials, Gardner 
adds, “makes it doubly sickening.” 

In a written statement, Cassava declined 
to comment about the CUNY report because 
the school had not shared it with the firm or 
confirmed to the company the authenticity 
of what Science obtained. It said CUNY did 
not interview any Cassava employees, “and 
refused all requests for information and of- 
fers of assistance from Cassava.” The com- 
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pany said it “looks forward to continuing 
the development of simufilam as a potential 
treatment for patients with Alzheimer’s.” 

Wang and Burns have published together 
since the mid-2000s. Their studies of the 
brain’s opioid receptors were applied to de- 
veloping a pain drug that reached clinical 
trials but never won Food and Drug Admin- 
istration (FDA) approval. The collaborators 
shifted their efforts to the possible influence 
on Alzheimer’s of filamin-A, a protein that 
provides cellular scaffolding for neurons and 
other cells. Studies conducted in Wang’s lab 
suggested simufilam reinstates the shape 
and function of filamin-A when it becomes 
misfolded. In addition, the drug purport- 
edly reduces inflammation and suppresses 
the toxic effects of beta amyloid and tau, two 
proteins that can kill nerve cells and have 
long been implicated in Alzheimer’s. 

Burns and Wang share inventor credit on 
numerous patents related to filamin-A and 
simufilam. They assigned intellectual prop- 
erty rights to Pain Therapeutics—Cassava’s 
name before it was changed in 2019. 

Questions about simufilam broke out in 
public in August 2021, when an attorney 
filed a petition with FDA on behalf of two 
neuroscientists—Geoffrey Pitt of Weill Cor- 
nell Medicine and David Bredt, a former 
pharmaceutical executive. The petition 
called for the agency to pause Cassava’s clini- 
cal trials. It cited many of the same papers 
described in the CUNY report, suggesting 
that apparent image doctoring in them un- 
dermined claims that simufilam might slow 
or even reverse Alzheimer’s symptoms. 

Pitt and Bredt were short sellers—investors 
who stand to profit if a company’s stock falls. 
Cassava CEO Remi Barbier challenged their 
motives and denied their scientific claims, 
and the company filed a defamation lawsuit 
against them and other detractors. Mean- 
while, Cassava investors filed their own law- 
suit claiming that some executives, including 
Burns and Barbier, who is her spouse, misled 
investors in a “fraudulent scheme” regarding 
simufilam’s prospects for success. 

Cassava conducted relatively small phase 
2 trials of the drug. Based on what it said 
were promising results, it launched the 
phase 3 trials needed to win FDA approval. 
One has enrolled more than 800 volun- 
teers with mild-to-moderate Alzheimer’s. 
The company says that by December it will 
complete enrollment of nearly 1100 more 
patients for a second phase 3 trial. After the 
petition, FDA declined to pause those trials, 
but reserved the right to do so. 

Bredt and Pitt’s attorney paid Matthew 
Schrag, a Vanderbilt University neuro- 
scientist, $18,000 to produce some of the 
analysis used in the petition. Schrag says 
he has never owned Cassava stock or held 
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a short-selling position and worked inde- 
pendently from Vanderbilt. Schrag sent 
his findings, along with other apparent ir- 
regularities he detected in Wang’s papers, to 
NIH, which passed them along to ORI. 
After ORI reached out to CUNY, the 
school’s investigators examined Wang- 
authored papers published from 2003 
through 2021, a conference poster, and a 
grant proposal to NIH. Many of the 31 alle- 
gations the panel reviewed involved appar- 
ently improper alterations of Western blots, 
a technique to distinguish distinct proteins 
within a tissue sample. Such manipulation 
can significantly alter the interpretation 
and validity of experimental findings. The 
committee said it “found evidence highly 
suggestive of deliberate scientific miscon- 
duct by Dr. Wang for 14 of the 31 allegations.” 
To check for doctoring of those data, 
Shafer and his colleagues sought raw-data 


Work by City University of New York neuroscientist 
Hoau-Yan Wang underlies Cassava’s drug simufilam. 


images to compare against published ver- 
sions. Wang provided none of those, the re- 
port said, adding: “It appears likely that no 
primary data and no research notebooks per- 
taining to the 31 allegations exist.” The panel 
also found that Wang “starkly siloed” West- 
ern blot preparation in his lab, apparently 
preparing nearly all such images himself— 
a highly unusual practice for a lab’s princi- 
pal investigator. 

Among his defenses, Wang told the in- 
vestigators that “at least one hard drive” 
containing key data was destroyed by CCNY 
officials when they sequestered his materi- 
als for review. Wang also accused the com- 
mittee of bias against him, “failing to follow 
the CUNY guidelines for this investiga- 
tion, and of lacking a basic understanding 
of Western blot analysis.” The committee 
noted in its report, however, that three of its 
members “routinely conduct experiments 
involving protein biochemistry and two out 


of four routinely conduct and publish West- 
ern blot experiments.” 

The CUNY report suggests scientists be- 
yond Wang and Burns might also be faulted. 
Harvard University neurologist Steven 
Arnold, senior and corresponding author 
of a 2012 study with Wang in The Journal 
of Clinical Investigation, “may bear a mea- 
sure of responsibility” for failing to ensure 
the integrity of the data in that paper and 
others co-authored by the CUNY scientist. 
Arnold leads an Alzheimer’s research pro- 
gram at Harvard and, like Wang, has served 
as a Cassava scientific adviser. Arnold de- 
clined to comment, saying he needed time 
to review the report. 

The scientific basis for simufilam, includ- 
ing the critical “misfolding” of filamin-A, 
came from Wang’s lab. But in its statement, 
Cassava said six basic research studies by 
organizations that “have no connection to 
CUNY” also support their drug. One paper, 
funded by Cassava, concluded simufilam 
“may promote brain health.” Although some 
of the lab work was done at the Cochin In- 
stitute, much of it took place in Wang’s lab. 
Burns and Wang were the chief authors. 

Two more papers cited by the company, 
both co-authored by Burns, suggest simu- 
filam might be effective to treat pituitary 
tumors or seizures. The other papers ex- 
amined issues surrounding filamin-A, beta 
amyloid, and tau, but did not directly test 
simufilam’s ability to reverse or prevent 
brain pathologies. 

The CUNY investigators recommended 
that journals retract the Wang papers they 
probed if he can’t provide original data. 
Multiple journals have already done so, af- 
ter Schrag notified them of his findings. The 
investigators noted that PLOS ONE, which 
retracted five of Wang’s papers, “discovered 
evidence of research misconduct in his re- 
sponse to the concerns raised.” Other jour- 
nals, including The Journal of Neuroscience, 
posted corrections or expressions of con- 
cern on Wang papers, with some editors 


saying they were waiting for CUNY’s inves- - 


tigation before taking further steps. 

Wang’s fate appears to be in limbo as CUNY 
prepares its next steps. In the meantime, he 
continues to publish with Burns, including 
papers on simufilam in recent months. 

Schrag noted that his extensive dossier on 
Wang’s studies went to NIH during the sum- 
mer of 2021. CUNY’s report is “detailed, thor- 
ough, and credible,” he says. “But a 2-year 
delay is somewhat astonishing. ... The phase 
3 simufilam clinical trials should never have 
started. And they should certainly be shut 
down on the basis of this report.” 


This story was supported by the Science Fund for 
Investigative Reporting. 
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ENERGY POLICY 


U.S. hands out $7 billion for hydrogen hubs 


Gas could replace fossil fuels and fight climate change—if it is made cleanly 


By Katherine Bourzac 


he Biden administration last week an- 

nounced $7 billion in funding for seven 

regional “hubs” to produce hydrogen, 

which produces water as exhaust 

when combusted. If made cleanly, hy- 

drogen could help fight global warm- 
ing by replacing fossil fuels in the fertilizer 
and steel industries, and in tricky-to-electrify 
vehicles such as long-haul trucks. 

The hubs, which will be funded by the 
Department of Energy (DOE), are meant 
to shift hydrogen production away from 
today’s dirty approach: cooking methane 
under high pressure with steam, a pro- 
cess that has a big carbon footprint. The 
hubs include both producers and custom- 
ers, and aim to spur hydrogen adoption by 
building up storage tanks, pipelines, and 
other infrastructure. 

Hydrogen has had a “chicken and egg” 
problem, says Keith Wipke, program man- 
ager for fuel cell vehicles at DOE’s National 
Renewable Energy Laboratory. “Nobody will 
start large-scale production until there are 
customers,” he says. And customers are reluc- 
tant to switch to hydrogen without a steady, 
cheap supply. “It’s the same story as we’ve 
seen with solar and wind. The more you 
build, the cheaper it becomes,’ says Anne- 
Sophie Corbeau, a researcher at the Columbia 
University Center on Global Energy Policy. 

One hub in the Pacific Northwest will fo- 
cus on so-called green hydrogen, made by 
using renewable solar or wind power to split 
water into hydrogen and oxygen. That hub 
will partner with one in California to develop 
a hydrogen fueling network, cleaning up 
power for cargo-handling equipment in ports 
and preparing for potential hydrogen export. 
The project will also provide hydrogen to the 
heavy trucking industry. Today’s batteries are 
too heavy, and charge too slowly, to electrify 
large trucks. Hydrogen-fueled trucks would 
not only eliminate carbon emissions, but 
also other pollutants, improving air quality, 
particularly for marginalized communities 
living near trucking centers. 

The hubs could help boost demand for 
electrolyzers, the water-splitting devices 
that make green hydrogen, which are cur- 
rently expensive, says Emre Gencer, an 
energy researcher at the Massachusetts 
Institute of Technology. The production ca- 
pacity of electrolyzer manufacturers is low, 
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and buyers often have to wait 2 to 3 years 
for delivery, he says. “Ideally the hydrogen 
hubs will create more demand,” he says, 
which will help drive down prices. 

The Pacific Northwest hub is the only one 
that will solely focus on green hydrogen. 
Others will produce hydrogen from electro- 
lyzers that rely on electricity from nuclear 
power plants—sometimes called pink hy- 
drogen. Still others will focus on so-called 
blue hydrogen: made with fossil fuels while 
capturing the emitted carbon dioxide and 
reusing or storing it. 


have a climate impact as low as that of green 
hydrogen. However, the researchers note 
that the real-world benefits are likely to be 
smaller if blue hydrogen production relies on 
a leaky methane supply chain. 

The funding for the hubs comes from the 
bipartisan infrastructure law. A tax break in 
a different law, the 2022 Inflation Reduction 
Act, will also benefit the clean hydrogen in- 
dustry, especially producers of green hydro- 
gen. The tax credit, available for 10 years, will 
be awarded to hydrogen producers that meet 
a low carbon emissions standard. Gencer 


An Air Liquide hydrogen plant in Texas. U.S. producers are getting subsidies to make clean hydrogen. 


Environmental advocacy groups are wary 
of blue hydrogen. Starting with fossil fuels 
is a problem, says Julie McNamara, deputy 
policy director in the climate and energy 
program at the Union of Concerned Scien- 
tists. Natural gas fields and pipelines are 
leaky, she says, and methane is a powerful 
greenhouse gas. She is also concerned that 
subsidizing blue hydrogen will entrench the 
fossil fuel industry and perpetuate the en- 
vironmental and health impacts that come 
with it. “This is a chance to set the right path 
to the future,” she says. “We shouldn’t be do- 
ing hydrogen for hydrogen’s sake.” 

Life-cycle analyses show fossil fuel-based 
hydrogen production, when paired with car- 
bon capture and storage, can offer climate 
benefits—but only if it’s done with state-of- 
the-art processes, if the methane supply chain 
isn’t leaky, and if the carbon is efficiently cap- 
tured and stored, according to a 2022 study 
by Gencer and colleagues. In the best-case 
scenario, the study found, blue hydrogen can 


says this could drive the cost of green hydro- 
gen below $1 per kilogram, which would be 
cheaper than conventional hydrogen made 
from methane. Whether blue hydrogen pro- 
ducers can take advantage of the tax break 
will depend on how the government mea- 
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sures its carbon emissions, and the ultimate ~ 


cost of their product will depend on the cost 
of carbon capture and storage. 

In a press release, the White House says 
the awards will spur $40 billion in private 
investments and create tens of thousands 
of jobs. Corbeau says the success of the hy- 
drogen hubs will hinge on how well they 
engage with local communities—in terms 
of job creation, air quality improvements, 
and the acceptability of carbon capture and 
storage. “There have to be positive benefits 
for people who are going to convert from 
fossil fuels,’ she says. & 


Katherine Bourzac is a science journalist based in 
San Francisco. 
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AFTER THE 


FLOOD 


As the world’s largest dam removal 
takes shape, restoration ecologists are poised 
to transform a landscape 


By Warren Cornwall 


tanding on an outcrop of volca- 
nic rock, Joshua Chenoweth looks 
across the languid waters of Califor- 
nia’s Iron Gate Reservoir and imag- 
ines the transformation in store for 
the landscape. In early 2024, opera- 
tors will open the floodgates on the 
49-meter-high dam that blocks the 
Klamath River, allowing the more 
than 50 million tons of water it impounds to 
begin to drain. Once it’s gone, heavy equip- 
ment will dismantle the structure. All that 
will remain of the 11-kilometer-long reser- 
voir that filled the valley for 60 years will be 
steep-sided slopes coated in gray mud, split 
once again by a free-flowing river. 


Within months, however, that sediment 
will be covered with a fine, green carpet of 
seedlings and colorful splashes of flowers, 
many planted by Chenoweth’s team. Even- 
tually, if all goes as hoped, patches of Gary 
oak, desert gooseberry, and mock orange 
will take hold and a lush ribbon of cotton- 
wood, willow, and ash trees will line the 
banks of the river. Beneath their boughs, 
salmon that last migrated through this val- 
ley more than a century ago will return. 

It bears the marks of a mythic creation 
story—a barren moonscape brought to 
life. But it’s tantalizingly within reach for 
Chenoweth, a restoration ecologist who has 
spent his career devising ways to transform 


The Iron Gate Dam (left) is one of four structures slated for demolition along the Klamath River. Scientists hope 
to restore native ecosystems, such as ponderosa pine woodlands (right), after the reservoirs are drained. 
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To prepare for a revegetation effort, restoration ecologist Joshua Chenoweth and his team have been growing native plants in greenhouses. 


once-submerged ground into thriving for- 
ests, meadows, and marshes. 

More than a decade ago, he oversaw 
efforts to restore native ecosystems in 
Washington’s Olympic National Park after 
two dams were removed along the Elwha 
River. Chenoweth learned important les- 
sons there. But his current project will be 
his biggest test yet. Next year, he’ll be con- 
fronted with nearly 1000 hectares of bare 
ground stretching along 36 kilometers of 
the Klamath and its tributaries, after au- 
thorities remove Iron Gate and three other 
dams in California and Oregon. 

“It’s one of the largest restoration efforts 
ever,’ says Chhaya Werner, a Southern Or- 
egon University plant ecologist who plans 
to study how the vegetation grows back. 
And with thousands of dams targeted for 
removal worldwide, more and larger efforts 
are likely to follow. The Klamath project is 
an important test of methods that could 
soon be in wide demand. 

Chenoweth, who was hired by the Yurok, 
a local tribe taking the lead in the reveg- 
etation effort, has spent years preparing 
for the moment. His crews have scoured 
the surrounding area, diligently collect- 
ing seeds that will be used to immedi- 
ately populate the barren ground. He has 
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enlisted nurseries to grow 260,000 trees 
and shrubs. And workers have been busy 
pulling and spraying invasive weeds, hop- 
ing to forestall their spread. 

But as he gazes out from the rocky prom- 
ontory, Chenoweth knows success is no sure 
thing. Invasive medusahead grass, cheat- 
grass, and yellow starthistle pepper the 
banks and could quickly spread onto the 
former lakebed. The unrelenting sun has 
driven the temperature above 35°C. And the 
reservoir is the only water in sight. “Getting 
plants to survive and thrive is always chal- 
lenging,” he says. “In a place like this, it’s 
just harder.” 


THE KLAMATH WAS ONCE a fabled source of 
salmon, the third most productive in the 
western United States after the Columbia 
and Sacramento rivers. As many as 1 million 
of the fish journeyed each year up the 
420-kilometer-long waterway, which flows 
from the dry plains of eastern Oregon to the 
Pacific Ocean. Near the river’s mouth, in the 
lush redwood forests of Northern Califor- 
nia, the yearly salmon runs were once the 
lifeblood of the Yurok, who erected tempo- 
rary wooden dams to catch them. Farther 
upstream, as the landscape changes to drier 
oak and ponderosa forests near the border 


between California and Oregon, salmon 
were an important source of sustenance for 
members of the Karuk, Klamath, and other 
tribes. 

Then, in 1918, an energy company erected 
a 36-meter-tall concrete dam in a narrow 
canyon 325 kilometers upriver. With no 
provision for fish to get past, it effectively 
walled off some 560 kilometers of habitat 
for migratory fish on the main river and its 
tributaries. It was the first of the six dams 
that now choke the Klamath River. Those 
blockages—as well as the toxic algae and 


low-oxygen waters that pooled in the dams’ - 


reservoirs—led to severe declines in salmon 
populations, which now number at less 
than 5% of predam levels. 

In the early 2000s, however, the federal 
license for many of the dams was approach- 
ing its expiration date. Under pressure from 
tribes, environmentalists, and anglers, the 
Federal Energy Regulatory Commission 
signaled that before the license could be 
renewed, the dams would need to be reno- 
vated to help fish get upstream. Facing hun- 
dreds of millions of dollars in construction 
costs, the owner—PacifiCorp—agreed in 
2010 to relinquish the dams and allow them 
to be torn down instead, setting in motion 
what has become the world’s largest dam 
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Freeing the Klamath 


Four large dams along the Klamath River in California and Oregon are scheduled to be torn down by the end of 2024. Although two dams will remain farther upstream, 
the project is poised to become the world’s largest dam removal effort to date and open up more than 600 kilometers of habitat to migratory salmon. 
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removal project, a $450 million to $500 mil- 
lion effort funded by the state of California 
and PacifiCorp. 

The deal was a victory for tribes and en- 
vironmentalists. “It’s about putting things 
back into balance,” says Barry McCovey Jr., 
a member of the Yurok and director of the 
tribe’s fisheries department. 

But it also came with a major conun- 
drum: How do you turn newly exposed land 
back into something resembling the place 
it once was? “When we take those dams 
out and drain those reservoirs, there’s go- 
ing to be a huge scar on the landscape that 
shouldn’t be there,” McCovey says. 

For insights about how to do that, the 
tribe turned to Chenoweth and the lessons 
he learned on the Elwha, another river 
700 kilometers to the north. 


FOR NEARLY A CENTURY, two dams blocked 
most of the Elwha, which plunges 72 kilo- 
meters from Washington state’s glacier- 
capped Olympic Mountains through coastal 
forests and into the Pacific. Starting in 2011, 
the taller of the two dams, a 64-meter- 
high wall of cement in Glines Canyon, was 
opened, releasing water that had backed up 
into a 4-kilometer-long reservoir. 

The subsequent removal of that dam, and 
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the smaller one downstream, was at the 
time the largest project of its kind. So it was 
difficult to predict what would happen to 
the landscape as the water levels receded. 
Scientists had scrutinized how vegetation 
reclaims places stripped bare by mining or 
other human activities or by natural forces 
such as volcanoes and receding glaciers. 
But the terrain revealed when a dam comes 
down is different. 

After a reservoir is drained, the soil trans- 
forms over a single year from a mixture of 
saturated mud and rough gravel to dry 
ground. The newly exposed earth differs 
from what was there historically because 
dams don’t just block water and fish; they 
also trap fine silt, sand, and rocks. Along 
the Elwha, the two dams had accumulated 
enough sediment to fill 8400 Olympic-size 
swimming pools. 

To figure out how to revegetate this un- 
promising ground, Olympic National Park 
hired then-36-year-old Chenoweth. Just 
6 years earlier, he had quit a career as a 
TV technical director in New York City. His 
disillusionment with that work, combined 
with a passion for plants ignited by a back- 
yard garden in an old Brooklyn farmhouse 
where he lived, had drawn him across the 
country to the Pacific Northwest. Now, he 
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was earning a master’s degree in restoration 
ecology at the University of Washington. 
Chenoweth and his colleagues weren’t 
sure what kinds of plants could survive in 
the new soil or what role the surrounding 
forest could play in seeding it. And the early 
signs were discouraging. At one point, they 
scooped silt from the lakebed of the Glines 
Canyon Reservoir and placed it into plant- 
ing boxes, where they attempted to grow 
red alder. Every sapling but one died. “They 
were really worried nothing was going to 
grow,’ says Eastern Washington Univer- 


sity plant ecologist Becky Brown, who has - 


tracked how plants have come back along 
the Elwha. 

They stuck to their plan, however. As 
as soon as water levels started to fall, 
Chenoweth and colleagues rushed to get the 
first of more than 300,000 nursery-grown 
saplings and shrubs into the muck, hoping 
some would take root. In the end, much of 
their plan came down to educated guesses 
and trial and error. “There was nothing I 
could lean on,” Chenoweth says. 

Today, looking upstream from the edge of 
Glines Canyon, it’s clear their gamble paid 
off. Twelve-meter-tall cottonwood trees 
flash the silvery undersides of their leaves 
in the stiff breeze, standing on land that 
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Demolition of the Glines Canyon Dam (left) along the Elwha River was completed in 2014. Today, vegetation is reestablishing on land once flooded by the reservoir (right). 


was underwater 12 years ago. Large patches 
of dark green attest to a welcome surprise: 
Dense stands of red alder are thriving af- 
ter all. “Turns out, [the silt experiment was] 
not a very good analog for nature,” Brown 
notes. “Lots of things grew pretty quickly.” 

Near the former dam, Brown descends 
a slope through a cool, verdant forest that 
reveals key lessons now helping guide 
work on the Klamath. One is to get plants 
in the ground as quickly as possible. Mois- 
ture left in the soils as the reservoir 
drained appears to have aided the 
restoration, creating a brief win- 
dow for water-loving plants to get 
a roothold. Of the trees planted in 
the first year, 82% were still alive 
6 years later. By contrast, just one- 
third of the trees planted in the sec- 
ond year survived. 

The thick cottonwood stands 
are also a reminder to be ready for 
surprises. There were no efforts to 
plant this species. Yet, 1 year after 
the reservoir drained, a 12-hectare 
forest of cottonwood saplings had 
unexpectedly begun to emerge. The 
timing had been lucky: Falling wa- 
ter levels coincided with the spring 
release of fluffy cottonwood seeds, 


Annual number of dams 
removed in the United States 


258 20 OCTOBER 2023 * VOL 382 ISSUE 6668 


120 Temporary dip because 


100 


lee) 
Oo 


D 
oO 


~ 
oO 


ipo} 
oO 


and because the gravelly soil was still 
wet when the seeds settled onto it, they 
survived. Within a few years, there were 
9600 young cottonwoods in a single hectare. 

Also notable is what is not growing. The 
invasive species that dominate many dis- 
turbed landscapes in western Washington— 
scotch broom, Himalayan blackberry, 
Canada thistle—haven’t taken over. “The 
assumption ... is that invasive species will 
become the dominant plant in these dam 


Rising demolitions 

The United States leads the world in dam removal projects. 
Demolitions surged in the past 2 decades, peaking at more than 100 
per year before the COVID-19 pandemic slowed work. 
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removal projects,” Chenoweth says. But on 
the Elwha, that hasn’t turned out to be the 
case. In part, Chenoweth credits work to 
battle weeds by mowing and spraying her- 
bicide at key locations, as well as a relative 
scarcity of invasives inside the national 
park. But the spreading of native seeds, 
he says, also helped. In research plots that 
weren’t seeded, 27% of the plants weren’t 
native. In places that were seeded, that 
percentage fell to 19%. 


THE KLAMATH MAY BE a harsher test. 
The dearth of water and omnipres- 
ent weeds have Chenoweth on edge 
and taking a more assertive stance. 

Alert to the need to get plants in 
the ground quickly, he has directed a 
yearslong effort to build a seed bank 
of more than 90 different species, 
totaling nearly 30,000 kilograms 
of seeds. Many were produced at 
nurseries capable of turning a small 
stash of wild seeds into a bounty 
over several years. But some plants 
don’t thrive in nurseries. For those, 
Chenoweth is relying on crews to 
gather the seeds by hand. 

On a sunny June morning, one 
of those teams stands on a hillside 
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that slopes into a bay on Iron Gate Reser- 
voir, the westernmost of three water bodies 
on the Klamath that are slated to disap- 
pear. Alauna Grant, a member of the Karuk 
Tribe and the crew leader, slowly circles a 
scraggly 2-meter-tall antelope bitterbrush, 
deftly plucking tiny seeds no bigger than 
grains of wheat. “This one is so important, 
because it thrives in this habitat,” she says. 

Grant has spent four summers collect- 
ing seeds from native plants in the region. 
It’s difficult work. After half an hour, her 
freshly picked seeds barely cover the bot- 
tom of a small paper bag and the tem- 
perature is already above 35°C, with little 
shade. But she says she and her crew, mem- 
bers of the Hupa and Yurok tribes, relish 
the chance to work outside and contribute 
to rebuilding the river. “We’re doing some- 
thing that matters,” she says. 

Nearby, another group is working to 
remove unwanted plants and 
create weed-free strips at criti- all 
cal places along the edge of 
the reservoir, such as where 
creeks will eventually feed into 
the free-flowing river. Richard 
Green, a California State Poly- 
technic University, Humboldt 
tribal forestry student and 
member of the Yurok, crouches 
and wraps his gloved hand 
around a half-meter-tall yel- 
low starthistle. Leaning back, 
he pulls it from the ground, 
adding it to a growing bundle 
of uprooted plants. With its 
spiky macelike flowers and 
seeds that cling to any pass- 
ing creature, the plant could 
quickly overrun the freshly 
exposed ground. “Theyre no 
joke,” Green says, with grudg- 
ing respect. 

His hand-to-stem combat 
with the weed is part of a larger—and 
deeply personal—mission for Green. His 
grandmother, Bonnie Green, was a long- 
time political leader of the tribe before she 
died in 2014. He recalls the years she spent 
traveling to Sacramento, California, and 
Washington, D.C., lobbying for the dams to 
come down. 

Chenoweth is now training Green to 
help manage the vegetation program in the 
future. It’s key to hopes for a healthy river. 
Verdant banks will help keep the water cool 
and control erosion, which could influ- 
ence whether populations of temperature- 
sensitive salmon are able to rebound. “I 
don’t feel [the pressure] in a stressed out 
way,’ Green says as he pauses from the 
weeding. “It feels like a good urgency to 
keep it going.” 
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ONCE PORTRAYED as environmental fan- 
tasies, dam removals such as the ones 
planned along the Klamath are increas- 
ingly gaining traction as structures erected 
during the 20th century age, awareness of 
their ecological toll grows, and the list of 
demolished dams lengthens. “Twenty years 
ago, everybody thought the Klamath [dam 
removal] was not even a moonshot. It was 
just a nonstarter,’ says Ann Willis, head of 
the California office of the environmental 
group American Rivers. 

Willis’s group, a leading proponent of dam 
removals, has a goal of seeing 30,000 U.S. 
dams torn down by 2050, a dramatic in- 
crease over the roughly 2000 structures 
taken down over the past century, according 
to an American Rivers database. Many bar- 
riers are so small that their removal would 
go unnoticed by the public. Others, however, 
are river-blocking mammoths. In California, 


Alauna Grant, a member of the Karuk Tribe, has spent four summers collecting 
seeds in the Klamath River region to plant after the dam removals. 


top candidates include two dams on the Eel 
River, south of the Klamath, and a string of 
six dams on Battle Creek, a tributary of the 
Sacramento River. Farther north, four huge 
federally owned dams on the Snake River 
along the border between Idaho and Oregon 
are the biggest targets in the country and the 
subject of a decadeslong political battle. 
Dam removal is picking up steam in Eu- 
rope as well, where more than 300 dams, 
culverts, and other river-blocking stuctures 
were removed in 2022, according to Dam 
Removal Europe, a coalition of environmen- 
tal groups. In July, the European Parliament 
approved a draft of a nature restoration law 
with a target of making at least 20,000 kilo- 
meters of rivers free flowing by 2030. If 
the law is enacted, “all European countries 
[will] have to start thinking about this,” says 


Herman Wanningen, director of the Dutch- 
based World Fish Migration Foundation. 

Each removal would launch another res- 
toration experiment, sometimes on a grand 
scale. The removal of the Snake River dams, 
for instance, would expose an area equal to 
Manhattan Island along 225 kilometers of 
river. Willis sees the Klamath project as vi- 
tal to predicting how other river ecosystems 
may bounce back, especially ones that are 
less pristine than the national park that sur- 
rounds the Elwha. 

But it will be years before the fate of the 
new Klamath landscape becomes clear. 
Even on the Elwha, Brown and her students 
continue to track how plants are reclaiming 
the terrain. One stretch of gravel still bears 
few signs of life, save some tiny wild straw- 
berries that stretch pink tendrils across the 
ground. Walk 30 meters, and a patch of 
10 Douglas fir trees no taller than teacups 
sprout from a mosaic of gray 
stones. “The Doug fir ... is get- 
ting here on its own, which is 
really cool,’ she says. “We’ll see 
how it looks in 5 years.” 

Aswork proceeds onthe Klam- 
ath, Chenoweth plans to track 
the progress of revegetation 
efforts at 181 monitoring spots 
for 5 years—some planted and 
others left to the whims of the 
environment. Knowing what 
thrives and what doesn’t will 
enable him to adapt and poten- 
tially change course as the re- 
vegetation effort proceeds. 

In parallel, Werner plans to 
monitor how key plants, in- 
cluding Gary oak, buckbrush, 
California poppy, and yarrow, 
respond to different planting 
densities on nearly 100 plots. 
She’ll also be tracking whether 
invasive plants are able to gain 
a roothold and how environmental factors 
such as water and sun exposure influence 
the vegetation community. The project, 
she says, could answer “big picture ecology 
questions” such as what determines win- 
ners and losers in the fight for open ground. 

It will be illuminating to see how that 
plays out, Chenoweth notes, because for all 
of the sweat, planning, and research, there 
is only so much humans can do to shape 
the landscape. Back at the rocky overlook 
along the Iron Gate Reservoir, he contem- 
plates the forces beyond his control, won- 
dering whether the new seedlings planted 
along this stretch of the Klamath will get a 
boost from a wet spring or face a punishing 
drought. “Mother Nature is going to do the 
hard work,” he says. “But if Mother Nature 


2 


fails, it’s going to be really hard for us. 
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Are crabs in hot water? 


Marine heat waves challenge sustainable 


fisheries management 


By Gordon H. Kruse 


n estimated 10 billion snow crabs 
(Chionoecetes opilio) disappeared 
from the eastern Bering Sea off west- 
ern Alaska, USA, during 2018 to 2021. 
This loss encompassed more than 
90% of the Bering Sea snow crab 
population and nearly four times the com- 
bined total number of snow crabs harvested 
by the fishery from 1977 to 2022 (1). Before 
this event, the population was healthy, with 
a huge incoming group of immature crab. 
On page 306 of this issue, Szuwalski et al. (2) 
use a population model, statistical analyses, 
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and various lines of evidence to investigate 
reasons for this loss of crab. They concluded 
that starvation associated with a marine heat 
wave and a high density of mature crab was 
the likely culprit. This finding highlights the 
importance of using ecosystem information 
in fisheries management. However, perform- 
ing data collection, analysis, and synthesis 
fast enough to provide definitive manage- 
ment advice in real time is challenging. 
Fisheries off the coast of Alaska are gener- 
ally considered to be well managed because 
of broad use of scientific assessments of 
abundance, low harvest rates (3), and other 
conservation measures. However, crab fish- 


eries off of Alaska have a volatile history. . 
Typically, fluctuations in Alaska crab popula- °¢ 
tions are attributed to wide variations in the 
numbers of young crabs produced each year. 
This variation occurs regardless of the num- 
ber of adults, suggesting that it is controlled 
by environmental factors (4). However, there 
have been a few instances in which mass die- ~ 
offs of crabs of both sexes and all sizes, not a 
lack of immature crabs, appear to have led to 
sharp declines in the populations of Bering 
Sea crab: Bristol Bay red king crab (Paral- 
ithodes camtschaticus) in the early 1980s 
(5) and St. Matthew Island blue king crab 
(Paralithodes platypus) in the late 1990s (6). 
A lack of data prevented detailed analysis of 
potential causes of these earlier die-offs. 

The conclusion by Szuwalski et al. that 
starvation is the likely cause of the mass 
mortality observed in 2018 to 2021 is con- 
sistent with several lines of evidence. Snow 
crab is an Arctic species whose distribution 
has been shifting north for decades as the 
Bering Sea becomes warmer (7). The east- 
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ern Bering Sea experienced anomalously 
warm conditions in 2018, broke temperature 
records in 2019, and had an unprecedented 
near-complete lack of sea ice in both years. 
Caloric requirements of laboratory-reared 
snow crab nearly double as water tempera- 
ture increases from 0° to 3°C (8). Moreover, 
during this marine heat wave, the footprint of 
snow crab was among the smallest observed 
in the history of Bering Sea surveys (which 
began in 1975), suggesting overcrowding. 
Statistical analyses by Szuwalksi et al. found 
that mortality of both immature and mature 
crabs was related to temperature and density 
of mature crabs. So, it seems plausible that 
higher caloric requirements and more com- 
petition led to starvation. 

Further work is required to establish why 
the mortality of immature crabs was great- 
est at intermediate densities of mature crabs, 
whereas mortality of mature crabs was great- 
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est when mature crab density was highest. 
Moreover, Szuwalski et al. used reduced 
weight relative to body size as evidence of 
starvation, but snow crabs starved in the 
laboratory do not lose weight (9), and their 
weight also varies with other factors, such 
as molt cycle (the process of shedding their 
external shell so that they can grow in body 
size). Starvation may be better indicated by 
measures of lipid storage or fatty acids (JO). 

The 2018 to 2019 marine heat wave also 
had broad implications throughout the 
Bering Sea ecosystem, including for phyto- 
plankton, zooplankton, fish, seabirds, and 
marine mammals (17). Likewise, a 2014 
to 2016 marine heat wave led to abrupt 
changes throughout the Gulf of Alaska eco- 
system (12). Notably, the number of com- 
mercially important Pacific cod (Gadus 
macrocephalus) declined by 71% from 2015 
to 2017, and their die-off was explained by 
an increase in metabolic demand and re- 
duced availability of prey associated with 
the heat wave (73). Such marine heat waves 
are likely to become more frequent and se- 
vere with global warming (/4). 

These vast ecological changes also have 
social and economic costs. Dockside pay- 
ments to fishermen for snow crab declined 
from US$133 million in the 2020-2021 fish- 
ing season to US$24 million in 2021-2022, 
to nil in 2022-2023 (when the fishery 
closed) (7). The fishery collapse is having 
severe economic impacts on stakeholders 
in Alaska and the US Pacific Northwest, 
including remote fishing-dependent com- 
munities. The Bering Sea snow crab fish- 
ery was declared a disaster in 2022 by the 
US Department of Congress, and hundreds 
of millions of dollars were awarded to as- 
sist members of affected fishing communi- 
ties, including fishermen, crew members, 
and processors. 

The study by Szuwalski et al. demon- 
strates that marine heat waves, super- 
imposed on long-term trends of ocean 
warming, can lead to major and sudden 
ecosystem changes with severe economic 
consequences. It highlights a need for 
ecosystem-based fisheries management, a 
holistic approach that recognizes all the in- 
teractions within an ecosystem rather than 
considering a single species or issue in iso- 
lation. The challenge is to quantify cause- 
and-effect relationships between ecosystem 
changes (for example, in temperature or 
predator abundance) and resultant changes 
in processes that affect the distribution and 
productivity of a harvested species (for ex- 
ample, reproductive success, mortality, and 
movement). In the Alaska region, the North 
Pacific Fishery Management Council has 
taken the first step toward this aim by devel- 
oping a standardized framework, called the 


ecosystem and socioeconomic profile, that 
compiles and evaluates relevant indicators 
as part of the stock assessment process (15). 
The resilience of fisheries to climate change 
will depend in part on the ability of science 
to anticipate and communicate ecosystem 
changes to fishing communities in advance 
so that they can reallocate resources and ef- 
fort to minimize economic impacts. 

Providing actionable scientific advice is 
challenging in the early stages of unusual 
ecosystem events (such as marine heat 
waves) that are being observed for the first 
time. In such cases, fishery management of- 
ten defaults to a reactionary mode, acting 
after major effects such as a population col- 
lapse have already been realized. So taking 
an ecosystem-based fisheries management 
approach, if a similar marine heat wave sce- 
nario with snow crab occurs sometime in 
the future, what should the response look ” 
like? Some stakeholders argue that harvest 
rates should be increased as the stock de- 
clines so that the crabs can be caught before 
they die. An alternative approach would be 
to decrease harvest rates in an attempt to 
maintain some critical abundance of adult ° 
crabs that can successfully reproduce. Les- 
sons can be learned from a major late-1970s 
climate-driven ecosystem shift that saw 
increases in some marine species and de- - 
clines in others, including red king crab 
throughout the Gulf of Alaska, Aleutian Is- 
lands, and eastern Bering Sea. Some of the 
crab stocks were subjected to high harvest 
rates before the fisheries were closed, and 
40 years later, few red king crab popula- 
tions have recovered. 
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Cracking the neuronal code of episodic memory — 


Hierarchical organization of memory is observed in the brains of rats 


By Jasmin S. Steudler and 
H. Freyja Olafsdottir 


pisodic memory is the ability to as- 

sociate memories of events with their 

spatial and temporal contexts (J). 

Intrinsic to episodic memory is the abil- 

ity to draw on past experiences to make 

predictions about the future (2). For ex- 
ample, while searching for food rewards in a 
familiar maze, a rodent can predict upcom- 
ing reward locations based on the memory 
of past trials. Research over the past decades 
has shown that the hippocampus, and the 
location-locked activity of hippocampal prin- 
cipal neurons (place cells), is critical for the 
associative and predictive aspects of episodic 
memory (3, 4). Yet, whether these two distinct 
functions are supported by common or disso- 
ciable neuronal codes has remained unclear. 
On page 283 of this issue, Liu et al. (5) report 
that hippocampal associative and predictive 
codes in rats are supported by interrelated 
but distinct circuit mechanisms, suggesting 
that episodic memory may be hierarchically 
organized in the brain. 

Hippocampal place cells, typically ob- 
served in mice and rats, are neurons that 
display location-specific activity that en- 
codes relationships between a spatial loca- 
tion and environmental landmarks and/or 
boundaries (3, 6). Place cells that are active 
in the same spatial location are said to be- 
long to the same cell assembly (7). As such, 
the location specific activity expressed by 
cell assemblies may represent the neuronal 
substrate of associative memory. 

Place cells also express a sequence code: 
Nested within individual cycles of theta-band 
oscillations—oscillations in neuronal activity 
observed in the rodent hippocampus during 
locomotion—are multiple cell assemblies that 
fire in sequence and encode relationships be- 
tween sequentially visited places (theta se- 
quences). Notably, during theta sequences, 
the spatial representation that cell assem- 
blies depict proceeds ahead of the animal. 
In other words, theta sequences provide a 
prediction for upcoming locations (8). These 
putative associative (assembly) and predic- 
tive (sequence) hippocampal codes are then 
replayed during sharp-wave ripple (SWR) 
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oscillations, which are observed during peri- 
ods of sleep or rest, thereby committing them 
to long-term storage (9, 10). Although these 
hippocampal coding schemes have been 
studied extensively, their contribution to spe- 
cific aspects of episodic memory has not been 
demonstrated. 

To address this gap in knowledge, Liu et 
al. used an optogenetic approach to control 
the activity of y-aminobutyric acid (GABA)- 
expressing neurons in the medial entorhinal 
cortex (MEC) of rats. These neurons provide 


[conditioned place preference (CPP)], and in 
another, the animals learned to sequentially 
navigate to three reward locations on the 
platform. The former task is a test of asso- 
ciative memory because it requires animals 
to learn an association between a particular 
area and reward, whereas the latter task may 
additionally require predictive capabilities 
because optimal navigation in this task re- 
quires the rat to learn how different places 
relate to each other—that is, to predict the 
location of the next reward. The authors 


Encoding of association and prediction 

The associative aspect of episodic memory in rats requires the firing of location-specific assemblies (indicated 
by color) of place cells in the hippocampus but does not need this firing to be synchronized with theta 
oscillations. The reactivation of these assemblies during sleep or rest, which consolidates the memory, is also 
required. The predictive aspect of episodic memory requires the place cell assemblies to fire in sequence 
within theta oscillations and for this sequential firing to be replayed during sleep or rest. 
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the main input to the hippocampus and con- 
trol the timing of the activity of principal hip- 
pocampal cells in relation to theta-band oscil- 
lations. By entraining the GABA-expressing 
cells to an artificial frequency, the authors 
were able to abolish theta sequences while 
sparing the expression of hippocampal cell 
assemblies. Disrupting MEC input to the hip- 
pocampus also led to a selective disruption 
of theta sequence replay, whereas the replay 
of cell assemblies was unaffected. Therefore, 
the authors were able to disrupt the putative 
predictive code of the hippocampus while 
keeping the associative code intact. 

Liu et al. assessed how this disruption af- 
fected learning in two paradigms that rely 
on different episodic memory processes. 
In one paradigm, rats learned to associate 
one half of a circular platform with reward 
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Cell assemblies and 
theta sequences 
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Sequence replay 


Cells 


found that disrupting the putative predictive 
code did not impair learning in the CPP task. 
However, performance in the spatial naviga- ~ 
tion task was severely affected, indicating 
that the associative code is sufficient for CPP 
learning but is insufficient for spatial naviga- 
tion learning (see the figure). 

These observations indicate that consoli- 
dation of the place cell predictive code by 
replay sequences may be required for at least 
some aspects of episodic memory function. 
Multiple studies have shown that disrupt- 
ing SWRs and cell assembly replay inter- 
feres with learning (10, 11). However, direct 
evidence that sequence replay supports as- 
pects of episodic memory has been lacking. 
Of equal importance is the finding that the 
predictive code may be dispensable for other 
episodic memory processes. Liu et al. found 
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that rats could form a long-term associative 
memory in the absence of theta and replay 
sequences; this suggests that the expression 
of cell assemblies and their later reactivation 
during rest periods may be sufficient for core 
component processes of episodic memory. 

These findings have important implica- 
tions for understanding neurodegenerative 
and neurodevelopmental disorders that af- 
fect episodic memory, including Alzheimer’s 
disease and autism spectrum disorder. 
Finding that associative memory and pre- 
dictive capabilities may be supported by 
dissociable neuronal codes could mean that 
these specific facets of episodic memory 
are differentially affected in these disorders 
and/or are affected at different stages of a 
progressive disorder, such as Alzheimer’s dis- 
ease. Hopefully, future research will investi- 
gate associative and predictive capabilities in 
neurological conditions. 

Additionally, the findings by Liu e¢ al. 
raise questions about whether the putative 
hippocampal predictive code holds for other 
tasks that draw on predictive capabilities. 
One interpretation of the result is that the 
predictive code (expressed through sequen- 
tial hippocampal activity) was required for 
the spatial navigation task because of its se- 
quential nature. Perhaps future studies can 
assess whether the hippocampal predictive 
code is also involved in more generic predic- 
tion learning. For example, does it help guide 
navigation when barriers are introduced into 
a familiar environment? 

Investigating the role of the predictive 
code in inferential reasoning (inferring a 
relationship between two different events) 
is also an important research avenue. The 
ability to use spatiotemporal information 
to make inferences is central to predictive 
capabilities, as noted by Liu et al. and oth- 
ers (2, 4). Does the described hippocampal 
predictive code guide learning when, for ex- 
ample, an animal needs to find reward in a 
previously unseen environment that is simi- 
lar to a familiar environment? Identifying 
the neuronal coding scheme supporting 
such inferential reasoning represents an ex- 
citing research frontier. 
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Al computing reaches 


for the edge 


A chip design integrates computation and memory 
to efficiently process data at low energy cost 


By Subramanian S. lyer and 
Vwani Roychowdhury 


rtificial intelligence (AI)—the abil- 

ity of computers to perform human 

cognitive functions in real-world 

scenarios—requires substantial com- 

putation power, energy, and vast 

datasets. Once trained, AI models 
are deployed to make predictions (infer- 
ences) for new situations. In the tradi- 
tional paradigm, inference is supported by 
centralized, high-performance computa- 
tional platforms and high-bandwidth net- 
work connections. However, in real-time 
mission-critical applications 
such as facial recognition, 
object detection tracking, 
and behavior monitoring, an 
“edge” computing system is 
desirable, for fast and accu- 
rate inference and, hence, fast 
response times. Edge comput- 
ing requires moving the large 
AI model from a centralized 
location to a position closer 
to the source of data (hence, 
working at the edge). On page 
329 of this issue, Modha et al. (1) describe 
a computing platform called “NorthPole” 
that facilitates high inference speed and 
prediction accuracy but with a moderate 
energy requirement. This is a promising 
step toward chip designs that support low- 
power edge AI inference. 

Learning integrates immense sets of 
experiential data that are located in large, 
centralized data centers. It is an energy-, 
computing-, memory-, and time-intensive 
set of operations that results in a trained 
network with learned parameters (such as 
a weight value of input data). The trained 
model often comprises billions of param- 
eters. Thus, the inference task is computa- 
tionally demanding and primarily consists 
of matrix-vector multiplication operations, 
referred to as multiply and accumulate 
computations (MACs). Devices “at the 
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edge” that monitor and track in real time, 
for example, must communicate with pow- 
erful centralized AI models and then bring 
information back to the edge. This route 
is fraught with bandwidth limitations, la- 
tency problems, and potential disruption 
to networks. The objective of edge comput- 
ing is to bring the large AI model to the 
edge, to accelerate inference. However, this 
requires a system at the edge that supports 
computation while simultaneously access- 
ing data—much like the human brain. 
Modha e¢ al. designed a brain-inspired 
computer chip architecture that focuses 
on efficiently performing inference tasks 
with technological, algorith- 
mic, and software innova- 
tions. The platform uses a 
two-dimensional array of 
cores (computing units or, 
simply, compute units) and 
associated memory blocks 
that store weights of AI mod- 
els. The MACs required for 
inferencing are assigned to 
different compute cores, each 
facilitating the multiplica- 
tion of the weights of an AI 
model against input data. This requires 
that necessary weights be routed to the 
appropriate cores on demand, a high en- 
ergy-consuming task. One innovation of 
NorthPole is the ability to share compute 
and memory (weights) across the chip 
with no or minimal hierarchy. This means 
that a core compute unit can access mem- 
ory that is both spatially close as well as 
far across the chip with almost equal ease. 
Another notable achievement by Modha et 
al. is that the chip, architecture, and soft- 
ware are co-optimized for edge inference 
and adapted to standard semiconductor 
technology for manufacturing integrated 
circuits. Because NorthPole is a digital 
system, it also has the advantage of being 
resistant to device noise and systemic bi- 
ases and drifts that afflict analog systems. 
The primary source of inference error, 
however, is the use of limited-precision 
(number of bits) arithmetic operations for 
MACs. Nevertheless, NorthPole’s 256 cores 
and 224 MB of on-chip memory can operate 
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at a frequency range of 25 to 425 MHz, with 
an energy consumption of >1000 frames per 
joule, making it suitable for applications 
that include a self-driving car. 

A limitation of Modha et al.’s approach 
is its relatively high power requirements 
when scaled to large AI models. This is 
partly due to the data architecture (how 
data are collected, stored, and flowed 
through the system) that permits low- 
latency inference by making data transfers 
possible from memory located both near 
and far across the chip. Increased power 
and size demands also arise from elabo- 
rate peripheral chips (such as 
field-programmable gate ar- 
rays coprocessors) and mem- 
ory that are needed to power 
up the compute-memory inte- 
grated chip from a cold start. 
From this perspective, an 
edge device using NorthPole 
must have access to a reason- 
ably high-power source and 
incur any associated increase 
in its size. Several applica- 
tions of AI inference chips, 
however, include functioning within suf- 
ficiently powerful machines such as au- 
tomobiles, aircraft, and military vehicles, 
which would benefit from the chip design 
of Modha et al. 

In the quest for lower-power AI edge in- 
ference accelerators, a somewhat different 
architecture called compute-in-memory 
(CIM) has been explored (2). CIM brings 
memory (weights) and compute (multipli- 
ers) units physically close together, at the 
level of the multiplier units used in MACs 
(recall that MACs are the primary opera- 
tions required for inference). CIM can be 
either digital or analog. In digital CIMs, 
the weights are stored as bits using static 
random-access memory (which retains 
data as long as power is being supplied) 
and the multiplication is finite precision 
binary arithmetic, similar to the opera- 
tion used by Modha e¢ al. An analog CIM 
is more elegant in that it directly uses 
Ohm’s law to perform multiplication and 
uses a capacitor as an adder. It has poten- 
tially much lower power needs compared 
to digital MACs. The weights are stored as 
the conductance of a conductive element, 
and current flowing through the element 
is proportional to the product of input 
(applied voltage) and the conductance 
(weights). The currents through several 
such elements are added to provide the 
primary inference functionality. In prin- 
ciple, this MAC operation is very fast, and 
the power for inference is attractively low. 

The challenge, especially in the analog 
CIM approach, lies in the choice of the 
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conductive element and the resolution 
of its conductance, which determines the 
resolution of the weights. In one example, 
a combination of several phase-change 
memory elements is used to store the 
weights (3). However, such analog CIM 
systems require the integration of new ma- 
terials, which necessitates the addition of 
specialized steps to the industry-standard 
manufacturing process for complementary 
metal oxide semiconductors. An approach 
that addresses this obstacle requires in- 
stead a standard semiconductor device 
that traps charge (called the charge trap 
transistor) and uses it to tune 
its resistance and achieve an 
estimated 8 equivalent bits 
of resolution in the resulting 
weights (4). 

A disadvantage of analog 
techniques is that program- 
ming the weights is cumber- 
some, time consuming, and 
energy intensive. Thus, more 
suitable for edge applications 
would be AI models that are 
updated only occasionally. In 
both analog CIM and digital approaches, 
precision of the weights and computations 
play a key role in accelerating inference. 
Thus, more work is necessary on design- 
ing training algorithms to yield AI models 
that are robust to both reduction in preci- 
sion and systemic biases in analog devices. 
Recent progress reported for analog (2) 
and digital (5) platforms is encouraging. 

Innovative chip architecture and digi- 
tal approaches such as those reported by 
Modha et al. will play an important role 
in the near-term development of edge- 
based inference with moderate-size plat- 
forms. However, analog approaches may 
ultimately bring real-time AI to hand-held 
edge devices, especially as the enabling 
technologies become more mainstream 
and easily manufacturable. 
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Tracking light- 
induced charge 
transport 


Precise charge dynamics 
could help to improve 

the operation of solar cells 
and sensors 


By Rachel E. Bangle and Maiken H. Mikkelsen 


ey to developing photocatalytic and * 


solar cells is understanding charge 

dynamics. Light absorption in met- 

als can initiate charge transport by 

exciting electrons to form high-en- 

ergy “hot” charges, but this energy is 
rapidly lost as heat (1). To capture the extra 
energy that hot charges (or carriers) pos- 
sess before they decay and use it to gener- 
ate an electrical current, the carriers must 
be transported across an interface called a 
transport junction. The movement of hot 
charges determines the efficiency of these 
junctions. However, hot-carrier dynamics 
are notoriously difficult to measure owing 
to their ultrashort lifetimes (2-4). On page 
299 of this issue, Taghinejad et al. (5) show 
that ejection of hot carriers at a transport 
junction produce terahertz (THz, 10” Hz) 
radiation that provides information exclu- 
sively on hot-carrier dynamics. This could 
provide a reliable way to characterize hot 
carriers and thereby aid the design of sen- 
sors and solar cells. 

Hot carriers are formed when collec- 
tively oscillating electrons, called plas- 
mons, transfer energy within the metal 
to form excited electron and hole (posi- 
tive charge) states on timescales of <100 
fs (1 fs = 10 s). This initial state is very 
energetic and thus outside of the usual 
thermal equilibrium of electrons in metal. 
However, nonequilibrium carriers rap- 
idly (<1 ps, 1 ps = 10” s) spread that en- 
ergy among a larger electron population 
through scattering collisions. This raises 
the average electron temperature, and the 
electrons quickly (<100 ps) dissipate the 
excess energy to the metal lattice as heat. 
Hot-carrier extraction can occur during 
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this process if the electrons have enough 
energy to overcome the energetic barrier 
at a metal-dielectric interface (the trans- 
port junction). It is unknown, however, 
whether electrons in thermal equilibrium 
and excited through scattering can partici- 
pate in charge transport along with non- 
equilibrium carriers (6). 

Experiments directed at measuring 
hot-carrier dynamics are obscured by the 
multiple hot-carrier decay pathways that 
occur on similar timescales in the same 
locations (7). Traditional charge transport 
measurements have reported numbers of 
photoejected electrons (8) and have quan- 
tified the energetic distribution of hot car- 
riers (9). These measurements, however, 
have not provided insights into hot-carrier 


titanium dioxide. The technique excites 
the metallic nanostructure with pulsed 
near-infrared light, which generates a cur- 
rent that oscillates on picosecond and sub- 
picosecond timescales (see the figure). The 
oscillating current then results in terahertz 
radiation, which is detected with an ultra- 
fast electro-optic detector. Although indi- 
rect, this terahertz radiation comes exclu- 
sively from hot carriers expelled from the 
metal, effectively disentangling electron 
transport from alternative hot-carrier de- 
cay pathways with similar timescales. 

The magnitude of terahertz radiation 
substantially increased because the au- 
thors used asymmetric metal-dielectric 
junctions to generate the hot carriers. 
These junctions consisted of thin, gold 


A strategy to follow the mechanism of hot-carrier ejection 

Pulsed near-infrared (NIR) light excites an asymmetric gold stripe (nanoantennae) within a metal (Au)—dielectric 
(TiO,) transport junction, which results in electric field concentration and asymmetric hot-electron (e°) ejection 
(left). This generates a fast-oscillating photocurrent (middle) and a measurable radiated terahertz field that 
comes exclusively from hot-electron ejection (right; the graph is illustrative). Modeling the terahertz field shows 
that both direct and scattered electrons contribute to the terahertz trace, but thermalized electrons do not (right). 
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dynamics. Ultrafast optical measurements 
have shown electron ejection to occur 
within 50 fs but have been unable to dis- 
tinguish at which stage in the energetic 
decay hot carriers undergo ejection (10). 
Similar measurements have elucidated 
subpicosecond plasmon decay timescales 
but have not revealed ejection timescales 
(11). Further, theoretical descriptions of 
hot-carrier transport are complicated by 
the multiple distance- and time-scales that 
must be considered (1/2). Without a com- 
prehensive model, discrepancies between 
measured charge transport efficiencies 
cannot be explained (1), and the contribu- 
tions of hot carriers in each of the early 
decay stages remain unclear (6). Debate 
continues as to whether effects attributed 
to hot-carrier transport might instead be 
due to heating (73). 

Taghinejad et al. report a measure- 
ment technique for hot-carrier transport 
dynamics in a nanoscale metal-dielectric 
transport junction composed of gold and 
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nanostripes embedded in titanium diox- 
ide, where one side of the stripe was flat, 
whereas the other had a sawtooth pattern. 
When excited with near-infrared light, 
these structures acted as nanoantennae, 
concentrating electric fields at the tips of 
the triangular gold teeth. This caused hot 
carriers to be preferentially created and 
ejected on the sawtooth side of the stripe. 
As such, the currents produced at the two 
nanostripe sides, which progress in oppo- 
site directions, were asymmetric and did 
not counteract each other. With this setup, 
the photocurrents (and thus the terahertz 
radiation) were amplified. 

The terahertz radiation was modeled as 
a sum of different contributions to create a 
comprehensive mechanistic picture. Using 
this technique, Taghinejad et al. differenti- 
ated transport of hot carriers at each stage 
in their energetic decay. They determined 
that hot-electron ejection dynamics were 
influenced by both electrons immediately 


after direct excitation and electrons that 


had partially decayed through at least one 
electron-electron collision (scattering). 
Importantly, however, the terahertz radia- 
tion could not be adequately modeled with 
elevated electron temperatures, suggest- 
ing that electrons in thermal equilibrium 
do not meaningfully contribute to hot-car- 
rier ejection. 

By extending the technique reported 
by Taghinejad et al. to metal-dielectric 
junctions made of other materials and 
with different sizes, shapes, and environ- 
ments, transport junction properties can 
be linked to hot-carrier dynamics. This 
will lead to predictive design of hot car- 
rier-based sensors, solar cells, and photo- 
chemical reactions with energetic struc- 
tures that capture the maximum number 
of hot carriers and with materials and di- 
mensions that extend hot-carrier lifetimes. 
In addition, these measurements provide 
the opportunity to explore the trajectory 
of hot-carrier ejection depending on the 
shapes and orientations of metallic nano- 
structures (14, 15). This could allow control 
of the direction or location of hot-carrier 
transport—for instance, to vary the reac- 
tion site or product selectivity within a 
photocatalytic cell. The approach might 
also enable the creation of nanojunctions 
that are sensitive to a variety of light prop- 
erties such as polarization, orbital angu- 
lar momentum, or phase, which could 
allow the development of switchable sen- 
sors. Implementation of faster excitation 
sources may further expand this technique 
not only to time-resolve hot-carrier trans- 
port, but also to serve as an ultrabroad- 
band terahertz source that is useful for 
imaging and free-space communications. 
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Phage therapy in noncommunicable diseases 


Bacteriophages have potential as suppressors of disease-contributing commensal bacteria 


By Denise Kviatcovsky’, Rafael 
Valdés-Mas’, Sara Federici?, Eran Elinav' 


acteriophages (phages hereafter) are 

bacterial viruses that were projected, 

more than a century ago, to constitute 

an effective antimicrobial remedy and 

were widely used as such mainly in 

the former Soviet Republics. Despite 
the initial excitement, and given the discov- 
ery of antibiotics, interest in antibacterial 
phage treatment gradually waned. However, 
exploration of phage treatment in infec- 
tious diseases has reemerged to tackle the 
alarming and globally expanding problem 
of wide-spectrum antibiotic resistance. Ad- 
ditionally, given the increasing appreciation 
of the diverse roles of microbiota in modu- 
lating health and noncommunicable diseases 
(NCDs), phages could constitute a promising 
targeted therapy against commensal bacteria 
(or pathobionts) that naturally inhabit the 
body but contribute to NCDs. 

Key advantages of phage therapy for in- 
fections include phage specificity to their 
predated bacteria, thereby minimizing dam- 
age to the surrounding microbiota; a pau- 
city of eukaryotic host off-target effects; and 
phage multiplication upon invasion of bac- 
terial cells that enables, upon cellular lysis, 
propagation and new target engagement. 
In some cases, phage treatment can even 
confer antibiotic sensitivity in previously 
antibiotic-resistant infection (7). However, 
there are also challenges in using phages as 
anti-infectious agents, including the elicita- 
tion of an immune response through their 
foreign antigenic load and genetic material; 
the emergence of bacterial antiphage resis- 
tance, mediated by spontaneous mutations 
in bacterial phage receptors that render 
them resistant to phage engagement; and 
a multitude of antiphage defense mecha- 
nisms. These defenses include restriction- 
modification endonucleases, CRISPR, and 
more than 100 other newly discovered de- 
fense systems (2) that provide bacteria with 
multiple layers of protection in phage-rich 
environments, thereby compromising the 
efficacy of phage treatment. 

Microbiotas consist of diverse communi- 
ties of microorganisms that reside in prox- 
imity to mucosal surfaces, where they affect 


1Systems Immunology Department, Weizmann Institute of Sci- 
ence, Rehovot, Israel. *Microbiome and Cancer Division, DKFZ, 
Heidelberg, Germany. Email: eran.elinav@weizmann.ac.il 


266 OCTOBER 20 2023 + VOL 382 ISSUE 6668 


a plethora of host physiological functions. 
Alterations in microbiota community struc- 
ture (dysbiosis) are increasingly linked to 
human diseases, including cardiovascular 
disease, type 1 and type 2 diabetes, inflam- 
matory bowel disease (IBD), some cancers, 
and even neurodegeneration. Experimen- 
tal microbiota-altering approaches, such as 
personalized nutrition, precision probiotics, 
microbiota transplantation, and metabolite 
supplementation, are aimed at modulating 
the microbiota composition and function 
toward a healthier configuration. However, 
targeted suppression of disease-contributing 
pathobionts without inducing dysbiosis in 
the surrounding microbial ecosystem re- 
mains a daunting unmet need. 

As a proof of concept to use phage therapy 
in NCDs, a phage combination therapy was 
used to target a clade of newly identified, 
antibiotic-resistant, human IBD-associated 
Klebsiella pneumoniae (Kp) strains in mice 
(3). This resulted in effective Kp suppression 
and reduced inflammation and disease se- 
verity. Furthermore, the viability and safety 
of orally administered phages were demon- 
strated in the gastrointestinal tract of healthy 
human volunteers. The rational construction 
of a phage consortium that targeted a bac- 
terial strain or clade of strains of interest, 
in which each consortium phage member 
engaged the target strains through a differ- 
ent mechanism, prevented the emergence of 
phage resistance. Oral administration, when 
coupled with gastric acid suppression, en- 
sured a viable phage encounter with the gut 
microbiota, tolerability, and minimal off-tar- 
get dysbiosis or adverse effects in the partici- 
pants. Thus, application of the Kp-targeting 
phage consortia in IBD patients who harbor 
Kp (which occurs in 38% of the patients as- 
sessed in four geographically diverse cohorts) 
merits further interventional studies. 

A virulent phage combination therapy that 
targets a gastrointestinal Kp clade enriched 
in patients with primary sclerosing cholan- 
gitis (PSC) (4) demonstrated a sustained in 
vitro suppressive effect and an in vivo reduc- 
tion of fecal Kp, coupled with attenuation of 
liver inflammation and disease severity in a 
mouse model of hepatobiliary injury. Simi- 
larly, the use of a single virulent phage that 
targets an alcohol-producing Kp strain allevi- 
ated steatohepatitis in mice, without altering 
the gut microbiota (5). Phage intervention 
was accompanied by suppression of hepatic 


apoptosis and inflammation pathways, cou- 
pled with an enhanced production of the 
anti-inflammatory cytokine interleukin-10. 

Future phage combinations could be 
applied to couple suppression of disease- 
contributing commensals with phage-me- 
diated drug delivery into distinct niches. 
For example, Fusobacterium nucleatum 
has been linked to colorectal cancer (CRC) 
progression and altered responsiveness 
to immunotherapy and chemotherapy. 
A nanosystem, directed by phages engi- 
neered to selectively target F: nucleatum in 
the CRC tumor microenvironment in mice, 
encapsulated the anticancer drug irinote- 
can in dextran nanoparticles. Such phage- 
targeted therapy significantly increased 
the efficacy of the chemotherapy treatment 
and, at the same time, inhibited the intra- 
tumoral growth of F. nucleatum (6). 

In addition to the use of live phages, ef- 
fector phage proteins may be integrated as 
an alternative treatment option that enables 
phage-induced bacterial suppression without 
the complexities associated with administer- 
ing live-phage therapeutics, including im- 
munogenicity and resistance. For example, 
endolysins are peptidoglycan hydrolases 
that move, through phage-preformed pores, 
into the murein layer of Firmicutes bacte- 
ria, where they degrade the peptidoglycan 
wall and thereby induce cell death. Using 
improved synthetic versions of phage lysins 
could allow treatment of antibiotic-resistant 
infections (7) and potentially NCDs. 

Phage treatment must be tailored to 
the individual, which may be facilitated 
by coculture of patient-harvested bacterial 
targets with potential phages to identify 
those with antibacterial capacity. As such, 
metagenomic profiling could be used as a 
companion diagnostic to identify the domi- 
nant disease-contributing pathobionts in a 
patient, followed by culture-based optimi- 
zation of phage consortia. 

Phage combination therapy for NCDs is 
at an exploratory phase (see the figure). The 
challenges of phage therapy for infections, 
including immunogenicity, resistance, and 
antiphage bacterial immunity, remain to be 
explored in the NCD context in prospective 
long-term studies. Environmental phage 
isolation, genomic and functional character- 
ization, and testing against bacterial panels 
are labor-intensive tasks, which are increas- 
ingly met with automation, coupled with 
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Challenges and prospects of phage therapy 

Developing human phage therapy for noncommunicable diseases (NCDs) begins with identifying disease- 
contributing bacteria and the isolation and testing of potential phages. Complementary phage combinations 
should prevent the emergence of phage resistance, and these phage cocktails can be tested in preclinical 
models followed by clinical trials. Companion diagnostics could help identify disease-contributing 
pathobionts in a patient. However, multiple challenges must be overcome, including difficulties in phage 


isolation and availability as well as regulatory hurdles. 
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the generation of sustainable collections of 
environmentally and/or clinically isolated 
phages and phage-encoded proteins. Phage 
biobanks may provide purified, sequenced, 
and structurally characterized phages. Such 
phage repositories may enable an assessment 
of immunogenicity and other adverse effects 
that are thoroughly validated by clinical trials 
(NCT04650607) while facilitating rapid test- 
ing of phages and their combinations against 
their respective bacterial targets. 

In cases in which phage isolation proves 
difficult, several alternative approaches may 
enable genomic conversion of phage speci- 
ficity to new targets. In general, temperate 
phages are abundant but less desirable as 
therapeutics because they integrate their ge- 
nome into the bacterial chromosome through 
a process that involves integrases and repres- 
sors. Temperate phages that are rendered 
integration-defective may still be able to in- 
corporate their genetic material into the bac- 
terium but are less stable and may result, in 
some cases, in conversion to a virulent state. 
Such engineered phages may be incorporated 
into some antibacterial phage combination 
treatments (8). Moreover, the naturally pro- 
duced bacterial toxin colibactin may awaken 
dormant prophages into their active forms, 
enabling their subsequent transformation 
into virulent, clinically suitable phages (9). 

The design and selection of clinically us- 
able phages may be facilitated by the appli- 
cation of evolutionary trade-offs. As such, 
the development of phage resistance may be 
accompanied by compromised bacterial viru- 


SCIENCE science.org 


NCD indications 


+ Inflammatory bowel disease 


Challenges Potential solutions 


Phage resistance and ——® Phage cocktails 
ae eth immunity RS 


AS 


Difficulties in phage —e Synthetic phage 
manipulation 


ee 
Lit 


Regulatory issues —— Tailored regulation 


aw 


page evallap ity —— +> Phage biobanks 


lence. This trade-off, experimentally exploited 
as “phage steering” to modify pathogen viru- 
lence and reduce infection severity (10), may 
be likewise explored in NCDs. In cases in 
which no environmental phages are identi- 
fied against a pathobiont, synthetic biology 
may enable the redirection of phage specific- 
ity by swapping components of the phage tail 
(11), which specifically recognizes, binds, and 
injects the genetic material into the bacterial 
target. Synthetically engineered “phagebod- 
ies” may enable further modifications, lead- 
ing to, for example, the acquisition of a new 
bacterial target range to allow specificity for 
resistant bacterial mutants (72). Similarly, tail 
fiber- and CRISPR-Cas-engineered phages 
significantly improved their efficacy in tar- 
geting pathogenic Escherichia coli that is as- 
sociated with fatal infections in mice (13). 
Phage delivery constitutes a major thera- 
peutic consideration. Orally administered 
phages face rapidly shifting biophysical con- 
ditions in their passage along the human 
gastrointestinal tract. Variable transit time, 
periodic food consumption, and a radically 
altering pH may affect phage viability and 
activity upon engagement with their bacte- 
rial targets. Additional intestinal delivery 
methods, such as colonoscopy and sustained 
release and timed-release capsules (74), could 
optimize phage delivery to designated niches 
along the human gut. Phage engagement 
with mucins, glycoproteins that form the 
mucus layer that provides lubrication and 
protection along the gastrointestinal tract, 
may reduce phage encounters with mucosal- 


adherent pathobionts, which often have roles 
in barrier function and immune tolerance 
and are disrupted in a variety of NCDs (J5). 
Cutaneous phage formulations would opti- 
mally enable sufficient penetration into hair 
follicles, in which many of the skin commen- 
sals reside. Administration of phages into the 
bloodstream may complement local delivery 
routes and merits future research. 
Regulatory challenges must not be over- 
looked. At present, phage therapy regulation 
follows, in most countries, an identical route 
of assessment and approval to that of conven- 
tional drug candidates. Nevertheless, because 
phages are live biological agents, they present 
numerous differences from traditional medi- 
cations and so they merit tailored regula- 
tory consideration. For example, approval of 
combination drug treatments often requires 
evidence of efficacy for each component. In 
the case of phages, such an approach would 
likely fail in many cases, given that bacterial 
resistance would develop against some or all 
individual phages when administered as sole 
interventions. From a safety perspective, the 
widespread (yet poorly controlled) admin- 
istration of phages for more than a century, ° 
coupled with the lack of known eukary- 
otic receptors to phages, implies that such 
treatment should be safe. However, phage- 
induced innate immune activation and im- 
munogenicity must be closely assessed upon 
long-term administration to treat NCDs. In 
balancing these considerations, dedicated 
supervision would be advisable to tailor the 
regulatory assessment of phage therapy to 
its distinct characteristics. Addressing the 
challenges associated with phage therapy, 
while exploiting their therapeutic poten- 
tial in human NCDs, may enable the anti- 
bacterial power of phages to be harnessed in . 
human precision medicine. ¢ 
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Periodical cicadas disrupt forest food webs 


Mass cicada emergence satiates birds and makes trees vulnerable to insects 


By John D. Parker 


very year somewhere in eastern North 
America, at least one brood of periodi- 
cal cicadas emerges from underground 
after spending 13 or 17 years sipping 
tree root juices. With only weeks of 
life left, these true bugs (Hemiptera) 
sing loudly to find mates, lay offspring, and 
then perish by the billions (7). Carcasses 
can stimulate soil nutrient cycling, soil mi- 
crobes, and tree growth (2, 3), but surpris- 
ingly little is known about the real-time 
effects of living cicadas on food webs. On 
page 320 of this issue, Getman-Pickering et 
al. (4) combine focused experiments with 
community-science observations before, 
during, and after an emergence in 2021 to 
show that mass cicada out- 
breaks shift the normal diets 
of entire bird communities, 
thus indirectly increasing 
caterpillar abundance and 
damage to trees. Ultimately, 
these brief but massive pro- 
tein windfalls leave a legacy 
of short- and long-term im- 
pacts on food webs far bely- 
ing their short duration. 
Getman-Pickering et al. analyzed a par- 
ticularly diverse and broad dataset, a feat 
made possible with a time-honored tradi- 
tion in cicada research: community sci- 
ence. Crowdsourcing of data on cicada 
emergences in the United States started 
as early as 1851 with Baltimore doctor and 
silkworm enthusiast Gideon Smith, who 
enlisted newspaper subscribers to help him 
delineate 18 “districts” (broods) of cicadas, 
a tradition that continues to this day with 
the mobile app “Cicada Safari,’ which has 
more than 200,000 users (5, 6). Similarly, 
Getman-Pickering et al. combined their 
own observations of bird feeding with 
those from the birding community to docu- 
ment cicada-binging by 82 bird species, 
including such wildly different species as 
gnatcatchers (Polioptila caerulea), falcons 
(Falco species), turkey vultures (Cathartes 
aura), and trumpeter swans (Cygnus buc- 
cinator). In just over a month, they docu- 
mented cicada-feeding by nearly one-fifth 
of the entire suite of birds known to exist 
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uit is rare to 
see such 
community-wide 
shifts in foraging 
preferences...” 


in the study region. It has long been clear 
that birds eat cicadas (7), but it is rare to 
see such community-wide shifts in foraging 
preferences, especially among birds more 
commonly known as either herbivores (for 
example, trumpeter swans) or scavengers 
(for example, turkey vultures). 

Resource pulses such as insect outbreaks, 
whale falls to the ocean floor, and acorn 
masting (production of large numbers of 
seed) have well documented, substantial 
effects on the organisms that directly for- 
age these resources (8). However, Getman- 
Pickering et al. build on this knowledge by 
showing that the indirect (and thus often 
less studied) effects of these resource pulses 
might be equally important. They conducted 
tree-based experiments in the years before, 
during, and after the 2021 
emergence to show that bird 
predation on caterpillar mim- 
ics declined by ~75% during 
the outbreak. At the same 
time, insect surveys revealed 
a doubling of the number of 
herbivorous caterpillars on 
oak trees and a doubling of 
insect leaf damage. Thus, the 
overall picture that emerges 
is that in a typical year, birds roughly halve 
oak herbivory by consuming leaf-feeding 
caterpillars (a classic three-level, top-down 
trophic cascade), but this respite is lost and 
the cascade is broken when a cicada emer- 
gence shifts the feeding preferences of the 
bird community. This is an example of ap- 
parent facilitation: when one species (cica- 
das) facilitates another (caterpillars) by al- 
tering their interaction strength with a third 
party (birds). Apparent facilitation has been 
documented before, but typically among just 
a few species and rarely at the scale of an 
entire biome (9, 10). 

Pulse events in general, including both 
insect outbreaks and climatic extremes 
such as heat waves, are helpful teaching 
moments because they can reveal ecosys- 
tem response to chronic stressors. The loss 
of bird predation and concomitant rise in 
herbivory observed by Getman-Pickering 
et al., for example, is functionally analo- 
gous to the anthropogenically driven tro- 
phic skew that has occurred over the past 
few centuries, in which the decimation of 
apex predators such as wolves led to the 
rise of middle-ranked consumers, with 


subsequent negative effects lower down 
the trophic chain (11). 

In the case of the 2021 cicada emergence, 
the top-down services provided by birds 
were regained after just 1 year, providing 
optimism that ecosystems are resilient and 
functions can be regained when top-down 
trophic forces are restored, which is indeed 
sometimes the case (12). Questions remain, 
however, about the long-term effects of pulse 
events on food webs. Previous work has 
provided an intriguing answer for cicadas 
(13), showing that although damage caused 
by egg-laying initially suppresses oak acorn 
production, in later years acorn crops are 
elevated, potentially from nutrient pulses 
caused by cicada carcasses. 

There is a critical need to detect the re- 
organization of food webs in response to 
climate change and other stressors, but as 
shown by Getman-Pickering et al., monitor- 
ing even just a few trophic levels is often 
too daunting for any one research group to 
accomplish alone. Moreover, because they 
rapidly track changes in the environment, 
mobile organisms such as birds can be 
early-warning indicators for global change 
(14), yet they are typically undersampled 
even in fairly large biodiversity databases 
(15). However, ecology has been progres- 
sively moving toward community science- 
assisted biodiversity-monitoring networks 
and collective experiments distributed 
over large geographical ranges, resulting in 
expanded geographic and taxonomic reso- 
lution. Moving forward, linking these exist- 
ing biodiversity-monitoring networks into 
global networks (15) will hopefully provide 
real-time information on changes in biodi- 
versity and provide a pathway for turning 
data into meaningful conservation action. 
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W. Jason Morgan (1935-2023) 


Discoverer of plate tectonics and mantle plumes 


By Richard Hey! and Jason Phipps Morgan? 


illiam Jason Morgan, the geophys- 

icist who transformed Earth sci- 

ences, died on 31 July. He was 87. 

Morgan discovered plate tectonics, 

a concept that influences scientists’ 

understanding of almost every 
branch of geology. 

Born on 10 October 1935 in Savannah, 
Georgia, Morgan earned a BS in physics at 
the Georgia Institute of Technology in 1957 
and then served 2 years in the navy, where 
he taught nuclear physics and navigation to 
submariners. In 1959, he married Cary (née 
Goldschmidt), and in 1964 he earned a PhD 
in physics from Princeton University. Because 
his dissertation involved geophysics, his ad- 
viser, Bob Dicke, invited the geology depart- 
ment chair, Harry Hess, to be on his thesis 
committee. Hess offered Morgan a postdoc 
position and, a year later, hired geophysicist 
Fred Vine. These colleagues drew Morgan 
into seafloor spreading “with a bang,” as he 
described it. After 4 decades, Morgan retired 
from Princeton in 2003 and—to be near 
his daughter, Michéle—moved to Harvard 
University to work as an emeritus professor. 

In the 1960s, the field of geology was 
changing from a “fixist” view of Earth, which 
posited that the continents and ocean basins 
had always existed in their present posi- 
tions, to a “mobilist” view, which recognized 
large horizontal land movements. Hess and 
Vine were at the forefront of this transition. 
Continental drift had been hypothesized 
50 years earlier but had since been rejected. In 
1960, Hess proposed that seafloor spreading 
could resolve some of the objections to con- 
tinental drift, and Vine showed that seafloor 
spreading combined with episodic reversals of 
Earth’s magnetic field could explain the puz- 
zling seafloor magnetic stripes. In 1966, the 
transform fault hypothesis, which was contin- 
gent on seafloor spreading, was corroborated 
seismically, and Vine correlated the symmet- 
ric Eltanin-19 magnetic anomalies and others 
from the global mid-ocean ridge system with 
an improved magnetic reversal timescale. By 
year’s end, most marine geophysicists agreed 
that seafloor spreading was real. 
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In January 1967, just days after accept- 
ing a position as assistant professor, Jason 
read a paper showing that the Great Pacific 
Fracture Zones were almost great circles. 
He realized from his navy experience with 
map projections that they were instead 
small circles concentric about a pole of ro- 
tation. Dropping everything to pursue the 
implications, he worked out the principles 
of plate tectonics within weeks. J.P.M., 
Morgan’s son, recalls his mom saying that 
Morgan worked nonstop during this time, 
making her nervous about what life was go- 
ing to be like married to an academic. 


In April 1967, Morgan presented the quan- 
titative theory of plate tectonics, which sub- 
sumed and explained seafloor spreading 
and continental drift. This work extended 
J. Tuzo Wilson’s transform fault work to the 
sphere. It assumed that Earth’s plates were 
rigid, giving the theory mathematical rigor. 
Continents drifted because they were em- 
bedded in moving tectonic plates. Seafloor 
spreading occurred where plates moved away 
from each other. There were three kinds of 
plate boundaries because plates could move 
away from (ridges), move toward (trenches), 
or slide past each other (transform faults). He 
showed how to use spherical geometry along 
with poles of rotation and triple junction 
analysis to quantitatively predict plate mo- 
tions, even in the absence of data for a par- 
ticular plate pair. Tectonics was now a quan- 
titative science, and the causes of mountains, 
earthquakes, and volcanoes became clear. 

A few years later, Morgan resurrected 
Wilson’s hotspot hypothesis, proposing that 


island chains extend away from relat: 


¢ 


Chec 
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fixed melting anomalies—which at the tunme— 


was not generally accepted—and that these 
melting anomalies form at the top of deep 
mantle plumes, narrow columns of hot 
rock rising from the deep mantle that form 
the upwelling counterflow to downgoing 
tectonic plates. Morgan conceived of this 
groundbreaking idea after hearing two talks 
at a 1970 workshop, one on the existence of 
large geoid anomalies in Hawai'i and Iceland 
and the other on how the volcanic rock types 
in Hawai'i and Iceland differ from those of 
mid-ocean ridges. Morgan suddenly real- 
ized that if deep mantle upwellings underlay 
these volcanic hotspots, then both the geo- 
physical and geochemical observations could 
be explained. At the time, R.H. was working 
on Galapagos tectonics for his PhD with 
Morgan, and several groups had presented 
seemingly fatal geometric objections to the 
hotspot interpretation in the region. Morgan 
told R.H. that he was sure that Galapagos 
was a hotspot and urged him to figure out 
where the other groups had gone wrong. 
Galapagos is now considered to be a type- 
example hotspot. 

Morgan once told R.H. that a perfect ad- 
viser secures funding and then turns stu- 
dents loose on problems. Yet when his own 
students got stuck, he would usually point 
the way out. His insight about Earth was 
remarkable, especially considering that, as 
a physics student, he never took a geology 
class. He was a gifted programmer, an ef- 
fective and caring teacher, and a supportive 
mentor. During a sabbatical in Hawai‘i—a 
trip that deepened the local understanding 
of hotspots and started J.P.M. on his own 
path to a career in geophysics—the family 
and R.H. backpacked to the Mauna Loa sum- 
mit caldera, which a geologist friend had as- 
sured them would be “a piece of cake.” With 
his characteristic sense of humor, Morgan 
used that phrase ever after to refer to any ex- 
tremely hard problem. Although the million- 
dollar view from the caldera’s summit cabin 


outhouse was worth the effort, J.PM. also ~ 


remembers his surprise upon opening his 
heavy pack to find beer, which Morgan had 
surreptitiously stashed there to celebrate the 
summit ascent. 

Morgan was honored with many awards 
for his achievements, among them the Walter 
H. Bucher Medal in 1972, the Japan Prize in 
1990, and the National Medal of Science in 
2002. An understanding of plate tectonics 
was nothing short of a scientific revolution, 
yet Morgan always kept his warmth and hu- 
mility. His scientific career gave him a path 
for creative satisfaction and friendships 
around the world. He treasured these far 
more than any awards. ® 
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Building an alliance to map 
global supply networks 


New firm-level data can inform policy-making 


By Anton Pichler'?, Christian Diem??, 
Alexandra Brintrup*, Francois Lafond‘, Glenn 
Magerman*, Gert Buiten®, Thomas Y. Choi’, 
Vasco M. Carvalho®®", J. Doyne Farmer*", 
Stefan Thurner!!23 


he global economy consists of more 
than 300 million firms, connected 
through an estimated 13 billion sup- 
ply links [see supplementary materials 
(SM)], that produce most goods and 
services. It has long been unthinkable 
to analyze the world economy at the firm 
level, even less so its intricate network of sup- 
ply chain linkages. This blind spot has left us 
ill-prepared to make fast and well-informed 
decisions, begetting, for example, prolonged 
shortages in raw materials and critical medi- 
cal supplies during the COVID-19 pandemic. 
Now, the availability of new data and recent 
methodological advances allow us to recon- 
struct a large share of the global firm-level 
supply network. Because mapping this net- 
work is likely to continue to improve, it is es- 
sential to initiate a discussion about respon- 
sible management and effective use of these 
data for the global public good. This requires 
new collaborative efforts between nations, 
their public institutions, international orga- 
nizations, the private sector, and scientists. 
Potential applications of a global supply 
chain map include monitoring and improved 
management of the green transition, reduc- 
ing tax evasion and corruption, strengthen- 
ing human rights through supply chain trans- 
parency, identifying and monitoring systemic 
risks and systemically important firms, and 
the design of globally secure basic provision- 
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ing systems for food and medication. Toward 
such ends, research has contributed to a bet- 
ter understanding of the functioning of sup- 
ply chains yet has been constrained by data 
limitations. Although highly granular data 
are available for single “focal” firms where the 
direct suppliers and customers are known, 
such data are not connected to the rest of 
the economy, and no network perspective is 
possible. By contrast, when looking at how 
supply chains affect economy-wide phenom- 
ena such as gross domestic product (GDP), 
business cycles, or inflation, one is typically 
constrained to highly aggregated data in the 
form of input-output relationships between a 
few dozen industrial sectors. 

Until now, such data limitations have 
made it impossible to integrate granular 
product- and firm-level expertise with macro- 
level, economy-wide perspectives. Recently, 
high-resolution maps of firm-level supply 
networks have been charted for individual 
economies (1). However, because they are 
not connected, the global image—the one 
that really counts in a globalized economy— 
remains fragmented. Even national maps 
are typically unavailable to researchers and 
policy-makers, which limits their potential 
usefulness for addressing societal problems. 


A NEED FOR GLOBAL NETWORK DATA 
In 2021, supply disruptions caused an esti- 
mated 2% loss of global GDP (roughly USD 
1.9 trillion) and substantially contributed to 
high inflation (2). In a globalized economy, 
local shocks to individual firms can spread 
to geographically distant firms through sev- 
eral tiers in the supply chain. Spotting such 
spreading dynamics ahead of time is impos- 
sible with aggregate, industry-level data or 
granular but incomplete supply chain data. 
The potential for modeling the propaga- 
tion of economic shocks in a detailed manner 
has been shown for individual countries for 
which large-scale firm-level supply network 
data are available. For example, in 2011, the 
Great East Japan Earthquake affected only 
four prefectures directly, but the economic 
shocks propagated throughout the economy. 
Based on detailed Japanese supply network 
data of several million firm-level supply links, 


it was possible to model the indirect cout cee 
wide economic impacts in much detail (67. 

A new generation of economic models 
becomes possible when calibrated to granu- 
lar supply network data, which enables us 
to address “what-if” scenarios for direct use 
in policy interventions at the micro- and 
macro-level. For example, using the detailed 
Japanese dataset, researchers predicted a re- 
cession of 2.2% with a probability exceeding 
10% if a Tokai earthquake with magnitude 
greater than 8 occurs, which is considered 
likely in the coming decades (3). 

In some countries, value-added tax (VAT) 
data are collected on the level of individual 
trades, which allows the recovery of virtu- 
ally all domestic business-to-business trades. 
These data have been used to quantify the 
economic importance of individual firms 
by modeling their direct and indirect mac- 
roeconomic impact in case of failure (4). 
Analogously to financial networks, we could 
leverage detailed supply network data to 
monitor the systemic risk levels posed by in- 
dividual firms and incorporate this into eco- 
nomic regulation. 

Complex supply relationships are also 
highly susceptible to tax fraud. Between 2016 
and 2019, the annual VAT-related tax gap has 
been estimated to EUR 120 billion within 
the European Union (EU). “Carousel fraud” + 
alone, which involves the intentional circula- 
tion of goods among companies and coun- 
tries to avoid VAT payments, accounts for 
around EUR 50 billion in lost tax revenues 
annually. The ability to measure individual 
supply linkages between firms could be im- 
mensely valuable in detecting and preventing 
such fraudulent activities. 

As policy-makers increasingly recognize, 
supply chains are critical for ensuring com- 
pliance with tax laws, human rights, and 
environmental standards. Recent policy ini- 
tiatives such as the US Uyghur Forced Labor 
Prevention Act or the EU Supply Chain Act 
aim to hold companies accountable for moni- 
toring and upholding social and environmen- 
tal standards throughout their supply chain. 

Managing the transition to a carbon-neu- 
tral economy requires a detailed understand- 
ing of supply chain relationships. Because of 
the lack of data, it is, at present, impossible 
to accurately assess and monitor the carbon 
intensity of products and indirect emissions 
caused by individual firms. Deploying new 
green technologies on a large (global) scale 
while phasing out fossil technologies will 
substantially “rewire” the supply network, 
resulting in heterogeneous geographical 
impacts on employment, energy prices, and 
financial stability. These changes will create 
new geopolitical dependencies and shift vul- 
nerabilities in economic production by intro- 
ducing new critical materials. 
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A NEW ERA OF MICRODATA 

Until very recently, supply network data has 
been limited to a few hundred firms or indus- 
tries (traditional input-output tables). Only 
in the past decade has a supply network data 
revolution started with several independent 
lines of progress, including payment data, 
VAT data, and various reconstruction meth- 
ods. Through these efforts, the scope of sup- 
ply chain data could be increased by several 
orders of magnitude (see the figure). 

The ongoing expansion of supply chain 
data is also driven by the private sector. As 
demonstrated by recent investments in sup- 
ply chain analytics firms worth hundreds of 
millions USD, a better understanding of sup- 
ply dependencies is highly valued informa- 
tion. Datasets collected by firms that provide 
business intelligence services can be exten- 
sive, including more than 200,000 firms with 
more than 500,000 supply linkages (7), and 
have proven vastly useful for reconstructing 
supply chain relationships. These datasets 
are derived from a wide range of sources, 
including credit-rating agencies, firm disclo- 
sures on public filings, business reports, cap- 
ital market presentations, and press releases. 
Limitations of commercial datasets include 
a bias toward large publicly listed firms, un- 
certain quality assessment, and the lack of 
methodological transparency (5). 

To overcome some of these issues, payment 
data and bank transaction data have recently 
been tapped to reconstruct supply linkages 
between firms (6). However, these data are 
typically not readily available for research or 
supporting policy-making, and it can be chal- 
lenging to reliably extract supply dependen- 
cies from payment data. The most-complete 
information on firm-level supply networks 
comes from administrative VAT records. 
Out of the 170 countries that collect VAT, re- 
searchers have mapped virtually all domes- 
tic trades between firms for Belgium, Chile, 
Kenya, Turkey, Ecuador, Costa Rica, Uganda, 
Hungary, Spain, Rwanda, multiple states of 
India, and the Dominican Republic, and sim- 
ilar efforts are ongoing for more countries. 
These datasets represent an unprecedented 
window into the microstructure of buyer- 
customer relationships that enable us, for 
the first time, to characterize entire national 
economies as complex supply networks (7, 8). 

These datasets show that individual 
firms can have tens of thousands of sup- 
pliers, which themselves are connected to 
a vast network of supply linkages. Because 
firms can only observe their direct suppliers 
and customers, it is very difficult for them 
to reconstruct the upper tiers of their sup- 
ply chains. Instead, using already collected 
tax data could provide an extensive picture 
without additional administrative burdens 
for companies. 
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The rise of large-scale firm-level s 


upply network data 


In firm (industry)—level datasets, nodes represent firms (economic sectors or sector-country pairs). 
Administrative data are derived from value-added tax (except in the case of Brazil). US input-output tables 
(lOTs), which are among the most detailed in the world, illustrate national industry-level data. WIOD 
and OECD ICIO illustrate intercountry |OTs that are primarily derived from national IOTs and trade data. 
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BEL, Belgium; BRA, Brazil; CRI, Costa Rica; DOM, Dominican Republic; ECU, Ecuador; ESP, Spain; HUN, Hungary; IND, India (data only for five states); 


JPN, Japan; KEN, Kenya; OECD ICIO, Organisation for Economic Co-opera 
RWA, Rwanda; TUR, Turkey; UGA, Uganda; WIOD, World Input-Output Data 


A MAPPING BLUEPRINT 

Even though VAT data enable us to recon- 
struct complete domestic supply networks at 
the firm level, it is necessary for many, if not 
most, essential applications to combine these 
for different countries. Securing the provi- 
sion of critical goods, monitoring human 
rights, fighting cross-border tax fraud, and 
monitoring the carbon footprint of individ- 
ual products will remain ineffective without 
a granular, comprehensive, and international 
map of supply linkages. 

Extending the detailed domestic supply 
networks across country borders requires 
implementing regionally and internationally 
coordinated strategies at the same time. First, 
it is necessary to collect the domestic firm- 
to-firm trades through granular VAT records, 
for example, using e-invoicing. Such systems 
can reduce administrative burdens borne 
by firms and substantially contribute to tax 
compliance (9). Thus, treasuries and tax of- 
fices should have strong incentives to do this. 
Several countries have successfully imple- 
mented efficient reporting standards that 
can serve as role models for others (see SM). 
Among those countries, there are several 
small and developing economies with limited 
resources, demonstrating the technical and 
economic feasibility of collecting firm-level 
supply network data through VAT records. 

The next step requires connecting differ- 
ent countries on the basis of trade data. In 
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the EU, the firm-level trade of goods between 
member states is collected by the individual 
countries and reported to the EU Intrastat 
system. If the EU were to extend these data 
to all goods and services and merge them 
with the domestic VAT data, this could result 
in the first comprehensive multicountry firm- 
level supply network, representing nearly 
20% of world GDP. The recent proposal VAT 
in the Digital Age (ViDA) by the European 
Commission could provide the legal frame- 
work and set a new international standard. 

The EU could further enlarge its map of 
supply dependencies to partially include 
nonmember countries by merging its supply 
network data with customs data. Customs 
data feature excellent coverage and detail on 
international firm-level trade and have al- 
ready been linked with domestic VAT-based 
supply networks (J0). The supply network of 
EU firms and their linkages to non-EU trad- 
ing partners would yield a granular view into 
supply chain dependencies that cover almost 
40% of global trade. 

A strategy to reconstruct the EU firm- 
level supply network could provide a blue- 
print for other economic and trade commu- 
nities like Mercosur, the East African Union, 
or the Association of Southeast Asian 
Nations. Various Latin American, African, 
and Asian countries, including China and 
several states of India, already have the rel- 
evant data-collection procedures in place. 
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One of the major countries that does not 
collect VAT is the United States. However, 
the United States is fairly well covered in 
most commercial datasets and has exten- 
sive commodity flow surveys. The United 
States is actively developing supply chain 
maps and considering the creation of a cen- 
tralized supply chain data hub. 

Once supply networks for different eco- 
nomic blocs are mapped, the next step would 
be to connect these through customs and 
trade data. To achieve a coherent database 
of international supply linkages, harmonized 
standards on data collection and formatting 
should be developed, for example, by build- 
ing on best practices provided by individual 
countries. As happened for the development 
of national accounts, such standardization 
efforts could be coordinated by international 
organizations such as the United Nations, 
the International Monetary Fund (IMF), 
the World Bank, or the Organisation for 
Economic Co-operation and Development 
(OECD). A big advantage of internationally 
harmonized economic data, such as national 
accounts, is that they can be matched with 
other relevant datasets, enabling analysis 
of the interaction of sectoral input-output 
dependencies with financial and environ- 
mental accounts or occupational statistics. A 
coordinated international effort could estab- 
lish such a standard at the firm level. 

However, because detailed supply chain 
data are highly sensitive, they will not be 
shared between regions with strained eco- 
nomic and political relationships in the 
foreseeable future. Thus, it is critical to de- 
velop strategies for filling in the blind spots. 
Commercial datasets paired with network re- 
construction methods can be used for recon- 
structing critical international supply chain 
dependencies. In recent years, much prog- 
ress has been made in reconstructing miss- 
ing information in complex networks, but 
these methods need to be carefully adapted 
to the context of supply connections. 

Reconstruction methods for supply net- 
works involve a mix of economic theory, 
careful accounting, combining public and 
commercial datasets, and state-of-the-art 
statistical methods. For example, we know 
a firm is more likely to buy from another 
firm if they are geographically close and 
have complementary product portfolios. 
If we observe enough interesting features 
of firms, we can train machine-learning 
algorithms to recognize pairs of firms 
that are likely to trade. Other approaches 
have built on natural language process- 
ing, knowledge graphs, maximum entropy 
models, and leveraging telecommunication 
data [e.g., (17-13)]. As in the past, these 
methods and new ones will evolve as more 
data become available. 
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A STRONG ALLIANCE 

Drawing a trusted and comprehensive pic- 
ture of international supply linkages that can 
effectively be used for policy-making requires 
integrating multiple datasets, developing 
analytical tools, and establishing secure in- 
frastructure for storing and processing sen- 
sitive information. Advancing this agenda 
requires a strong international alliance of 
various stakeholders, including national gov- 
ernments, statistical institutes, international 
organizations, central banks, the private sec- 
tor, and the scientific community. 

Supply chain data can be weaponized if 
they get into the wrong hands (/4), neces- 
sitating the highest standards for securely 
storing, sharing, and regulating the access 
and use of the data. Statistical offices have 
already developed protocols for providing 
controlled access while maintaining strict 
data security and privacy protections for 
national supply networks and other types of 
sensitive data, for example, individual-level 
data in microdata centers. One example 
where highly sensitive data is collected and 
provided for research and policy support 
in a trustworthy manner is the European 
Health Data Space. Similar approaches 
should be adopted for international supply 
chain data to ensure the highest data secu- 
rity and privacy standards while enabling 
meaningful use for research and policy. 

As primary users of these data, national 
governments would benefit from and must 
play a key role in data collection and ad- 
ministration. The lack of granular economic 
microdata frequently hinders targeted policy 
approaches, resulting in ineffective redis- 
tribution of public funds. Transparent and 
safe access to detailed supply network data 
will enable governments to design evidence- 
based policies with greater precision. For 
example, such data could be used for identi- 
fying indirect exposures to natural disasters 
or upstream supply chain bottlenecks for 
critical goods, such as medical supplies. In 
this case, governments could take resilience- 
enhancing measures such as incentivizing 
companies to diversify their suppliers. 

Central banks could similarly benefit, be- 
cause extensive firm-level supply network 
data will considerably improve our under- 
standing of inflation dynamics and how the 
propagation of economic shocks affects fi- 
nancial stability [e.g., (75)]. Central banks are 
already at the forefront of working with and 
making these data accessible for scientific 
economic analysis. As data availability and 
methodological development progress, they 
could integrate this knowledge into mone- 
tary policy and financial market supervision. 

At present, there are various indepen- 
dent efforts at both the national and supra- 
national levels to chart specific parts of the 


global supply network. Notable examples 
include the EU proposal for a directive on 
corporate sustainability due diligence, the 
US Supply Chain Disruptions Task Force, 
and the UK Department of International 
Trade supply chains resilience framework. 
However, without a concerted approach, 
these maps will remain fragmented and 
inadequate for addressing critical societal 
challenges. International organizations, in- 
cluding the IMF, the World Bank, and the 
OECD, have considerable expertise in har- 
monizing international datasets and should 
play key roles in scaling up these efforts to 
the international level. Building this alli- 
ance would result in a comprehensive map 
of international firm-level supply connec- 
tions, a foundation for economic analyses 
and policies on both the national and inter- 
national levels. 
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ASTRONOMY 


Fantastical 
phenomena, illustrated 


An astrophysicist and an artist craft evocative portraits 
of warping spacetime 


By David Kaiser 


ot so long ago, black holes seemed 

enigmatic, even to the experts who 

studied them. The idea was both 

alluring and fantastical: hypotheti- 

cal hunks of matter compressed to 

enormous densities, warping their 
surrounding spacetime so strongly that 
even light could not escape. Although the 
phenomenon seemed to follow from the 
equations of Albert Einstein’s general the- 
ory of relativity, empirical evi- 
dence that black holes actually 
existed remained suggestive 
but indirect until February 
2016, when members of the 
Laser Interferometer Grav- 
itational-Wave Observatory 
(LIGO) published data from 
the first compelling detection 
of gravitational waves. Since 
then, the LIGO Scientific Collaboration 
has published dozens of comparable sig- 
nals, most of them attributable to black 
hole collisions. 

In April 2019, another globe-spanning 
international collaboration, the Event 
Horizon Telescope, released its own shock- 
ing first detection: a now-iconic image of 
the black hole at the center of the nearby 
galaxy Messier 87. The black hole sits amid 
a swirl of superheated plasma, a shadow 
warping the light from nearby matter in 
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exactly the Escher-like, looping fashion 
that theoretical physicists had predicted 
decades earlier, on the basis of Einstein’s 
equations. In May 2022, the group released 
an equally stunning image of the black 
hole anchoring our own Milky Way galaxy. 

More recent data, released in late June 
2023 by the North American Nanohertz 
Observatory for Gravitational Waves, or 
NANOGrayv, identify a constant thrum of 
cosmic static: a stochastic background of 
gravitational waves, rattling around the 
cosmos from every direction in 
the sky. The NANOGrav data 
are most readily accounted 
for by the motions of a huge 
population of supermassive 
black holes, dotted across the 
Universe, each object millions 
or billions of times more mas- 
sive than our Sun. 

These days, black holes seem 
not only possible but plentiful. Yet being 
ubiquitous has not made them mundane. 
In The Warped Side of Our Universe, physi- 
cist Kip Thorne and artist Lia Halloran 
blend evocative imagery with prose-poem 
narration to share some of the wilder im- 
plications of exotic gravitational phenom- 
ena with nonspecialist readers. 

Thorne has been a pioneer in the study 
of gravitation for more than half a century; 
he shared the Nobel Prize in Physics in 
2017 as part of the LIGO leadership team. 
He also has decades of experience describ- 
ing esoteric phenomena in accessible ways. 
Since 2009, Thorne has struck up a series 
of collaborations with artists, filmmak- 
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Lia Halloran’s vivid paintings capture the drama upd 


and mystery of various cosmological events. 


ers, and musicians, experimenting with 
novel ways to convey the majesty and the 
strangeness of black holes, gravitational 
waves, and more-fantastical—as yet hypo- 
thetical—phenomena such as wormholes 
and time travel. Halloran, an accomplished 
visual artist whose work has been featured 
in two dozen solo exhibitions around the 
world, developed an interest in depicting 
scientific topics during an early stint at the 
famous Exploratorium in San Francisco 
and studied astronomy while pursuing her 
graduate training in painting. 

Thorne and Halloran worked on this 
book over the course of 13 years, a pe- 
riod that included the stunning first re- 
sults from LIGO and the Event Horizon 
Telescope and that set the stage for 
NANOGrav. The authors’ process, as re- 
counted in a brief preface, was every bit as 
looping and nonlinear as Einstein’s equa- 
tions—informal discussions led to sketches 
and short drafts of prose; refined drawings 
inspired updated wording, and vice versa. ° 
Midway through their efforts, Thorne de- 
cided to transform his sparse written con- 
tributions into verse, to better complement 
the swirling, ocean-like eddies emerging in 
Halloran’s paintings. 

The result is an ambitious art-science 
artifact inviting readers to ponder black 
holes, wormhole-like tunnels through 
spacetime itself, and the gravitational-wave 
signals emanating from such strange cos- 
mic constituents. The material is grounded 
in cutting-edge research. In some places, 
Thorne draws on novel vocabulary that he 
and his graduate students coined only a . 
few years ago to help make sense of their 
sophisticated numerical simulations, while 
Halloran’s engrossing images convey a vis- 
ceral sense of stormy spacetime ruptures. 
My favorite section features Thorne’s per- 
sonal reflections on the LIGO collabora- 
tion, which involved human-scale interac- 
tions at least as complicated as anything 
described by Einstein’s mathematics. 

The main body of the book aims more 
to evoke than to explain. Thorne provides 
helpful resources in the back of the book, 
with a more traditional popular-science 
exposition, plus a glossary, timeline, and 
annotated bibliography of additional ma- 
terials to explore. Complementing these 
other excellent resources, The Warped Side 
of Our Universe offers a creative, original 
portrait of a scientific community, and a 
broader universe, in motion. 
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Co-creating maps and atlases 


Cooperation was critical to the creation of two major 


scientific resources 


By Caroline S. Wagner 


n her new book, Rivals: How Scientists 

Learned to Cooperate, historian of sci- 

ence Lorraine Daston interrogates two 

massive scientific undertakings: the 

Carte du Ciel, a 19th-century effort to 

map the positions of millions of stars, 
and the post-World War II revision to the 
International Cloud Atlas, a resource for 
meteorologists that sought to standardize 
vocabulary used to describe 
clouds. Why, she wonders, 
“did the people and insti- 
tutions charged with com- 
pleting the star map and 
updating the cloud atlas de- 
cide to cooperate rather than 
defect?” They were rivals, af- 
ter all, were they not? 

Daston dubs the Carte du 
Ciel the “diplomatic model” 
of rivalrous cooperation. 
It began in Paris in 1887, 
gathering observers from 
16 countries to map the stars. 
Annual meetings brought 
together scientists from 18 
observatories to coordinate 
measurements and_ share 
mapping tasks. The inter- 
national project persevered, 
and grew, for 83 years, with 
contributions from many 
nations. 

The “voluntarist model,” 
as represented by the 
International Cloud Atlas 
project, inaugurated in Munich in 1891 with 
delegates from many countries, is the sec- 
ond model detailed by Daston. The eventual 
atlas created in 1896—Atlas international 
des nuages—emerged from years of lettered 
communications and conferences repre- 
senting, according to Daston, “an interna- 
tional consensus of their colleagues.” 

Although the question is posed, she 
does not explore why delegates and volun- 
teers did not “defect” from these projects. 
Instead, she puts forth another question: 
Were the collaborations’ communications 
regulated by “an invisible hand”? 
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The very first experimental philosophers, 
in forming the Royal Society of London in 
1660, vowed in the group’s motto to “take 
nobody’s word for it” (Nullius in verba)— 
no ancient sage, no holy book—without 
proof of veracity. Evidence necessitated 
documentation. 

Daston reports that a “Republic of 
Letters” thus grew up among early modern 
scientists as they documented and shared 
the results of research and observation. 


Consensus was key to the successful post-World War II revision of a cloud reference manual. 


This robust correspondence eventually led 
to the development and growth of schol- 
arly journals. 

Describing the value of documentation, 
in 1665, Robert Hooke wrote in his ground- 
breaking book Micrographia: “And though 
there have been many curious men before 
us...their observations [were] so scattered, 
and they have had no means of commu- 
nicating the same to one another, and of 
joining their observations together, that 
what one man hath done hath been almost 
lost to another; whereas now, by the help 
of writing, and printing, and by the insti- 
tution of this Society, all our observations 
may be communicated together, and we 
may all build one upon another’s founda- 
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tions” (2). Does this sound like rivalry? 

This incipient communications system 
originated from an “Invisible College” of 
self-organizing didacts (1), with features 
similar to Adam Smith’s invisible economic 
hand. The Invisible College, or Republic 
of Letters, brought together people who, 
liberated from scholasticism, used novel 
techniques to accumulate information. The 
growing network amassed evidence for jus- 
tified belief—fact heaped on fact, validated 
by debate—which Daston 
misinterprets as_ rivalry 
among “warring savants.” 

Self-organizing groups, 
operating as a communica- 
tions network, respond and 
adapt to their surroundings 
in much the same way as 
markets. This fact calls into 
question Daston’s dismissal 
of the state as being “more 
hindrance than help to the 
Republic of Letters.” It is not, 
in my view, a coincidence 
that the scientific revolution 
appeared alongside the state 
in the mid-17th century. The 
state structure protected 
ideas, financed research, 
and procured results, the 
very conditions that allowed 
the Republic of Letters to 
rise. Indeed, the Royal Navy 
gave the Royal Society its 
first commission: Help us 
manage the forests needed 
to build warships. 

A cloud atlas captures fleeting shapes 
where the human eye will imagine dino- 
saurs and dragons. In the clouds of history, 
Daston sees shapes of warring rivals and 
egos vying for recognition. Yet cooperation, 
rather than rivalry, marks the network of 
the Invisible College—the feature has long 
been what makes science science. & 
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European Commission 
may gut wolf protection 


The recovery of the wolf in Europe is one 
of the rare conservation successes on the 
continent (7). Instrumental to this recov- 
ery has been the strict legal protection 

of wolves throughout most of their range 
under Annex IV of the Habitats Directive 
(2). Strict protection has prevented anti- 
conservation interest groups from gaining 
the upper hand on wolf policy. The Court 
of Justice of the European Union has 
several times given a strict interpretation 
of the Habitats Directive in favor of wolf 
conservation (3). However, less than a year 
after it agreed to the ambitious Kunming- 
Montreal Global Biodiversity Framework, 
the European Commission has announced 
that it is considering a proposal to weaken 
the protection of wolves (4). This goes 
against a Directive “fitness check” study 
requested by the previous Commission, 
which concluded that changing annexes 
would be counterproductive and stressed 
the importance of enforcement (5). 

The Commission has grown increasingly 
reluctant to fulfill its role of enforcing 
legal obligations for wolf conservation. 

It has failed to take action to prevent the 
repeated violations of EU law by Sweden 
for more than a decade (6) and has pas- 
sively watched a wolf population disappear 
in Spain (7). It is now considering put- 
ting forward “a proposal to modify, where 
appropriate, the status of protection of 

the wolf,’ (4) presumably by moving the 
species from Annex IV to Annex V of the 
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Habitats Directive, as demanded by farmer, 
landowner, and hunter organizations (8). 

In some areas, wolves are already classi- 
fied in Annex V, under which wolf killing 
does not need to be justified. In practice, 
Annex V listing means that there is very 
little oversight from the EU. The protection 
of Annex V species has sometimes been 
treated as optional. Finland, for instance, 
has for years considered Annex V listing of 
its wolves in the northern part of the coun- 
try as a license to nearly eradicate them (9). 

Although wolves under Annex V still 
need to have Favourable Conservation 
Status (FCS), as under Annex IV, the con- 
tentiousness of what constitutes FCS would 
leave ample room for Member States to set 
it at the lowest possible population size for 
political reasons. This is already the case in 
Sweden, where the government instructed 
its Environmental Protection Agency to set 
FCS to between 170 and 270 wolves (10). 

A change in wolf protection would in 
practice mean far fewer restrictions on the 
killing of wolves in Europe, which is why 
Sweden and Austria have recently asked 
the Commission to implement it (77). Under 
Article 19 of the Habitats Directive, how- 
ever, a change in wolf protection requires 
the unanimity of all 27 Member States (12). 
Conservationists in Europe therefore need 
to find a single unsupportive government to 
veto undoing decades of wolf recovery. 
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Australia’s undeveloped 
land is not “empty” 


To address a housing crisis, Australia’s 
federal government has set an ambitious 
target to build one million new houses 
within 5 years (7). However, clearing land 
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for construction will destroy habitats, 
escalating local species extinctions. Almost 
2000 threatened species live in Australia, 
two-thirds of which are affected by land 
clearing (2). Instead of viewing open spaces 
as opportunities for development, Australia 
should embrace high-density urban 
planning to protect its natural habitats. 

Australian extinctions represent 5 to 10% 
of global extinctions since the year 1500 (3), 
and the extinction trajectory is projected 
to worsen (4). One of the most biodiverse 
continents on Earth, Australia continues 
to extinguish endemic species (5) in part 
because its relatively small population fails 
to recognize the inherent value of its vast 
natural landscapes. For most of the past 
few hundred years, much of Australia was 
considered to be terra nullius, or “empty 
land,” belonging to no one. 

When Europeans first colonized 
Australia, the legal myth of terra nullius 
dispossessed Indigenous Australians of any 
claim to land ownership. By deeming the 
land “empty,” colonialists justified taking 
it for themselves. In 1992, Indigenous 
Australian Edward Mabo sued the State 
of Queensland, arguing that Indigenous 
people had preexisting rights to the land 
(6). The High Court of Australia ruled 
in favor of Mabo, rejecting the doctrine 
of terra nullius. However, the idea that 
undeveloped land is “empty” continues to 
permeate Australia’s land-use decisions. 
To protect biodiversity and cultural values, 
Australia must overcome the idea of land 
as void of life. 

Every tract of land earmarked for 
development has cultural connection, is 
already occupied by countless species, 
and provides ecosystem services (7). The 
government’s housing plans will further 
threaten many endemic species, including 
the iconic koala, as well as reduce 
Australia’s ability to reach internationally 
agreed-upon targets on biodiversity goals 
(8) and climate commitments (9). Although 
it may seem counterintuitive, Australia 
needs to adopt urban planning solutions 
similar to those in countries with high 
population density. These solutions include 
transparent and systematic planning that 
avoids high biodiversity areas (10), efficient 
housing that reflects shrinking households, 
densification without compromising green 
spaces, and adaptive and innovative design 
to accommodate different uses (11, 12). 
Providing safe and affordable housing 
for humans cannot occur at the cost of 
Australia’s distinctive biodiversity and 
culture. 
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Expanded US mentorship 
requires accountability 


Early-career researchers are vital to the 
scientific enterprise but face challenges 
such as career uncertainty, tenuous sup- 
port networks, and financial instability 
that decrease their interest in pursuing 
science, technology, engineering, and math 
(STEM) fields (7). High-quality mentorship 
can be essential to improving persistence 
in STEM, as well as academic performance, 
connectedness, and sense of belonging 
(2-5). The US National Science Foundation 
(NSF) has required grant applications to 
include a description of mentoring activi- 
ties—called mentorship plans—to benefit 
postdoctoral researchers since 2007 (6). In 
2022, the requirement for mentorship plans 
was expanded to include mentorship for 
US graduate students under the CHIPS and 
Science Act (7). However, neither the CHIPS 
and Science Act nor NSF requires a formal 
assessment of its mentorship plans by men- 
tees, mentors, or independent assessors. 
Every mentorship plan should include 
some measure of accountability to ensure 
that the next generation of scientists and 
engineers receive the support they need 
as they start their careers. Indeed, good 
models already exist within the agency. For 
example, NSF’s Research and Mentoring 
for Postbaccalaureates (RaMP) program in 


Biological Sciences suggests that research 
proposals include an independent assessor, 
such as a member of a university center for 
teaching, to evaluate mentors and mentees. 
These assessments must occur throughout 
the mentorship (i.e., formative assess- 
ments) to allow for adjustments, as well 

as at the end of the mentorship (i.e., sum- 
mative assessments) (8). The model allows 
those trained in assessing mentorship and 
familiar with specific mentor-mentee situ- 
ations to conduct assessments, rather than 
leaving them to an NSF program officer’s 
discretion. 

Accountability for mentorship plans can 
be initiated by academic institutions, but 
it is crucial for federal funders to provide 
support. Now that graduate student men- 
torship plans are required for NSF-funded 
scientists, NSF can set the standard for 
best practices in mentorship (9). Ensuring 
accountability for mentorship plans 
through independent university assessors 
will be one option. Funders should also 
consider adding mentorship assessments 
to the data already required in annual and 
final reports, which are produced to show 
how grant funding was used. 
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pistasis occurs when one gene or variant modifies the phenotypic 
effect of another, for example, when loss of an enzyme involved 

in pigmentation masks another gene's regulation of patterning. 
Aguirre et al. looked at a series of cis-regulatory alleles of three 
genes involved in meristem development, specifically examining 
the effect on tomato seed compartment number. They found that 


although some relationships between genes were dose dependent, 
many of these interactions had unexpected effects. These results not 
only add to our understanding of genetic interactions between three 
genes at once, but also give insight into the potentially unexpected 
phenotypes that can emerge from alleles engineered for agricultural 
purposes. —CNS Science, adi5222, this issue p. 315 


Complex interactions between genes control fruit size and number of seed compartments in tomatoes. 


Ultrathin and thermally 
stable SAMs 


nverted (p-i-n geometry) 
perovskite solar cells (PSCs) 
have fabrication advantages 
compared with conventional 
cells, but the self-assembled 
monolayers (SAMs) used to 
stabilize charge extraction layers 
have been prone to thermal 
degradation. Li et al. report on 
a phosphonic acid SAM that is 
anchored onto the particles in 
anickel oxide film, optimizing 
the dipole moment for fast hole 
extraction and leading to a low 
defect density. For 1.53-elec- 
tron volt p-i-n PSCs, a power 
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conversion efficiency of 25.6% 
was achieved, and the cells 
maintained more than 90% of 
that efficiency after 1200 hours 
of operation at 65°C. —PDS 
Science, ade9637, this issue p. 284 


A bright and distant 


fast radio burst 


Fast radio bursts (FRBs) are brief 
flashes of radio emission from 
extragalactic sources. Ryder et 
al. detected a FRB and localized 
its source to a galaxy at a redshift 
of about 1, more than halfway 
back to the Big Bang. The burst 
is unusually bright, challenging 
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models of the FRB emission 
mechanism. The authors also 
investigated how the intergalactic 
medium causes dispersion of 
the radio waves, finding more 
dispersion than expected from 
acorrelation measured at lower 
redshift. They inferred the pres- 
ence of magnetized plasma 
within the host galaxy, which has 
a complex morphology. —KTS 
Science, adf2678, this issue p. 294 


Warming on farmland 
is worse for birds 


Habitat transformation into 
agricultural and urban land uses 


is expanding and is accompanied 
by warming temperatures and 
increasing climate extremes. 
These dual stresses may interact 
to affect animal fitness because 
forests can buffer extreme 
temperatures more than open 


h 


abitats such as agricultural 


lands. Using data from the 
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ow extreme heat influences 
irds’ fledgling success in forests, 
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extreme warm temperatures, 
but the opposite was true in 
forests. Future warming will likely 
negatively affect bird reproduc- 
tion in human-dominated areas, 
especially among species of 
conservation concern. —BEL 
Science, add2915, this issue p. 290 


Building blocks for 
versatile plastics 


Despite a broad range of appeal- 
ing performance properties, 
polyolefins are difficult to break 
down and so contribute to an 
increasingly severe plastic waste 
problem. Zhao et al. report a 
class of polymers that behave 
similarly to polyolefins but are 
easier to deconstruct for recy- 
cling. Specifically, they prepared 
block copolymers from oligo- 
mers of straight and branched 
terminal diols, dehydrogenatively 
forming ester linkages between 
the hydrocarbon chains. Varying 
the block distribution tunes 
the properties of the resulting 
plastic, and hydrogenation can 
cleave the ester bonds to regen- 
erate the building blocks. —JSY 
Science, adh3353, this issue p. 310 


Biasing substitution at 
benzylic carbon 


Nucleophilic substitution reac- 
tions are widely used to form 
bonds to carbon. In many cases, 
the reactions occur with precisely 
predictable stereochemistry, the 
spatial distribution of the sub- 
stituents. However, certain carbon 
centers, such as those adjacent to 
aryl rings, are so reactive that the 
leaving group departs before the 
nucleophile arrives, the so-called 
S,l mechanism, resulting in 
random product stereochemistry. 
Singh et al. found that enveloping 
chiral anions could catalytically 
stabilize the benzylic cations that 
form in this S,1 process at low 
temperature, thereby selectively 
controlling the stereochemistry 
of carbon-carbon, carbon-oxy- 
gen, and carbon-nitrogen bond 
formation. —JSY 

Science, adj7007, this issue p. 325 
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Leishmaniaisis and the 
skin microbiome 


Leishmaniasis is a zoonotic 
parasitic infection transmit- 
ted to humans through the bite 
of sandflies. It can manifest in 
several forms, including cutane- 
ous leishmaniasis. Farias Amorim 
et al. examined the influence of 
the skin microbiome on disease 
outcomes in 62 patients infected 
with Leishmania braziliensis. 
Larger skin microbial burdens 
and overrepresentation of 
Staphylococcus spp. correlated 
with slower healing of cutaneous 
leishmaniasis lesions. Analysis 
of host and microbial transcripts 
revealed that lesions enriched 
for S. aureus expressed more 
inflammatory markers, especially 
interleukin-1B (IL-18) family mem- 
bers. Cutaneous IL-18 delayed 
lesion healing in mice that had 
been colonized with S. aureus and 
infected with L. braziliensis. These 
findings reveal the influence 
that skin microbiota can have 
on the resolution of cutaneous 
leishmaniasis and highlight IL-1p 
as a potential immunotherapy 
target for cutaneous leishmani- 
asis. —CNF 
Sci. Transl. Med. (2023) 
10.1126/scitranslmed.adh1469 


Designing a cell-selective 
cytokine 
The cytokine interleukin-2 (IL-2) 
activates cells that either perpet- 
uate or Suppress immune system 
activity, making cell selectivity 
critical for its use in immuno- 
therapy. Orcutt-Jahns et al. used 
a model of binding and signaling 
dynamics to design a series of 
IL-2 variants with enhanced selec- 
tivity for immunosuppressive 
regulatory T cells. Versions that 
leveraged multivalent binding to 
the a chain of the heterotrimeric 
IL-2 receptor were more selective 
for regulatory T cells than were 
current IL-2 therapeutics. This 
approach may yield IL-2 variants 
that are more effective at treating 
autoimmune diseases. —LKF 
Sci. Signal. (2023) 
10.1126/scisignal.adg0699 
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Pale, silent, and deadly 


arn owls’ otherworldly hunting flights excite awe in 
those people fortunate enough to see one, but even 
these ultrastealthy owls create turbulence and sound in 
flight, so many choose to perch silently and wait quietly 
for prey. Schalcher et al. monitored body movement 
and posture in relation to hunting results for 163 acceler- 
ometer- and GPS-tagged birds and found that the force of 
landing on perches predicted an owl’s hunting success. Barn 
owls showed the highest strike force relative to body mass 
recorded for any bird so far (100 newtons). Fence bound- 
ary posts and other man-made objects provided the most 
successful perches because ease of access allowed better 
flight control and quiet landings. Human land use in this case 
actually benefits raptors by providing accessible and solid 
perches for stealthy hunting and maximum predation suc- 
cess. —CA eLife (2023) 10.7554/eLife.87775.1 


The mechanics of 
neurodevelopment 


Spontaneous activity, character- 
ized by transient increases in the 
concentration of calcium ions, 
are an important feature of neu- 
rons and glia in the developing 
nervous system. These calcium 
transients are thought to be a 
result of chemical signals such 
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Despite their 


as neurotransmitters. However, 
in the developing zebrafish, 
Brandt and Smith found that 
calcium transients in satellite 
glia of the dorsal root ganglion 
were dependent on the activ- 
ity of a mechanosensitive ion 
channel and could be elicited by 
mechanical stimulation of the 
tissue. —SAL 
PLOS Biol. (2023) 
10.1371/journal.pbio.3002319 
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MEDICINE 
New target for non- 
communicable diseases 


Bacteriophages selectively 
target bacteria and have a long 
history as antimicrobial therapy. 
The re-emergence of phage 
therapy for infectious diseases 
as an alternative to antibiotics 
has also increased interest in 
this approach to target bacteria 
that are associated with the 
emergence and progression 
of noncommunicable diseases 
(NCDs) such as inflamma- 
tory bowel disease, hepatitis, 
and some types of cancer. Ina 
Perspective, Kviatcovsky et al. 
discuss the evidence for phage 
therapy in the treatment of 
NCDs; the possibilities of using 
phage-derived proteins and 
synthetic biology to broaden 
applications; and the challenges 
of overcoming resistance, per- 
sonalizing phage selection, and 
the attendant regulatory implica- 
tions. —GKA 

Science, adh2718, this issue p. 266 


CELL BIOLOGY 
An in-depth look at 
LYTACs 


Delivery to lysosomes of 
various biotherapeutics such 

as lysosomal enzyme replace- 
ment therapies, antibody-drug 
conjugates, and oligonucleotide 
therapeutics is crucial for their 
activity. Extracellular protein 
degraders, including lysosome- 
targeting chimeras (LYTACs), 
enable the precise depletion of 
proteins from the extracellular 
space through lysosomal target- 
ing. Ahn et al. used unbiased 
genetic screens and proteomics 
to map cellular determinants of 
extracellular degrader activity. 
Activation of the E3 Cullin-3 
enabled LYTAC target com- 
plexes to reach lysosomes and 
was a predictive marker for cell 
susceptibility to degraders. Cell 
surface CI-M6PR, a prototypical 
lysosome-targeting recep- 

tor, was found to be blocked 
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by endogenous mannose- 
6-phosphate (M6P)—modified 
glycoproteins. The retromer 
complex counteracted this 
degradation activity through 
recycling LYTAC-CI-M6PR com- 
plexes. Accordingly, disruption 
of M6P biosynthesis or CI-M6PR 
recycling increased LYTAC activ- 
ity. Detailed mechanistic study of 
membrane protein degradation 
by LYTACs can thus elucidate 
endocytic biology and could 
help in the rational deployment 
of degraders against disease. 
—SMH 

Science, adf6249, this issue p. 281 


STRATOSPHERIC OZONE 


A big blast 


The Hunga Tonga—Hunga 
Ha’apai eruption of 2022 
injected huge amounts of water 
into the stratosphere and caused 
a large, rapid loss of ozone. Evan 
et al. collected in situ data on 
water, aerosols, and ozone in 
the volcanic plume and com- 
bined them with remote sensing 
observations to show that het- 
erogeneous chlorine activation 
on humidified volcanic aerosols 
was the cause of the massive 
ozone loss that occurred. This 
loss was primarily triggered by 
the synergistic effects of strong 
humidification, radiative cooling, 
and added aerosol surface area, 
and this observation supports 
the suggestion that excess 
midlatitude stratospheric water 
associated with convection 
changes due to global warming 
could drive increases in lower 
stratospheric ozone loss. —HJS 
Science, adg2551, this issue p. 282 


NEUROSCIENCE 
Different hippocampal 
coding strategies 


Synchronous hippocampal neu- 
ronal ensemble activity supports 
episodic memory. This observa- 
tion has led to the view that the 
main function of the hippocam- 
pus is to encode associations 
among different elements of 


an experience. However, an 
alternative hypothesis is that 
the hippocampus generates 
predictive representations of 
the world that can guide flexible 
behaviors. Liu et al. disrupted 
input from the entorhinal cortex 
to hippocampal area CA] (see 
the Perspective by Steudler and 
Olafsdéttir), thus destroying the 
sequence dynamics of place 
cells while keeping their coinci- 
dental firing intact. Sequence 
replay was disrupted but 
assembly reactivations were pre- 
served. Different CAl codes thus 
serve corresponding memory 
operations, with the place code 
supporting associative memory 
tasks and the sequence code 
supporting tasks that require 
learning about predictive transi- 
tions in space. —PRS 

Science, adi8237, this issue p. 283; 

see also adk4642, p. 262 


PHOTONICS 
Unraveling hot-carrier 
dynamics 


When electrons are optically 
excited high into the conduction 
band, they usually thermalize 
rapidly, losing energy through 
scattering processes. The ability 
to efficiently extract hot-carriers 
in the upper conduction band 
would be useful but is hampered 
by the lack of understand- 
ing of the processes involved. 
Taghinejad et al. developed a 
technique based on analyzing 
the terahertz pulses emitted 
by the hot-carriers (see the 
Perspective by Bangle and 
Mikkelsen). Modeling allowed 
them to unravel the spatiotem- 
poral dynamics of the hot-carrier 
transport, providing a clearer 
picture for developing applica- 
tions such as energy harvesting 
and photochemistry that can 
exploit these high-energy hot- 
carriers. —ISO 

Science, adj5612, this issue p. 299; 

see alSo adk6862 p. 264 
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MARINE HEATWAVES 
Mass starvation of 
snow crab 


Marine heatwaves, a component 
of our impact on the Earth's 
climate, can bring both expected 
and unexpected environmen- 
tal change. Between 2018 and 
2021, after a period of histori- 
cally high crab abundance and a 
series of marine heatwaves, the 
population of snow crab in the 
Bering Sea declined by 10 billion. 
Szuwalksi et al. used survey data 
to model the potential drivers of 
the decline in this ecologically 
and commercially important 
species. They found that the 
temperature of the water was 
not above the species’ thermal 
limits, but it did increase their 
caloric needs considerably (see 
the Perspective by Kruse). This 
increase, in conjunction with a 
restriction in range, led to an 
unexpected mass starvation 
event. —SNV 

Science, adf6035, this issue p. 306; 

see also adk7565 p. 260 


FOOD WEB ECOLOGY 
Cascading effects 
of cicadas 


Periodical cicadas emerge 

en masse every 13 or 17 years, 
bringing not just a continu- 

ous drone of noise but also an 
influx of food for birds and other 
predators. Getman-Pickering et 
al. performed a set of experi- 
ments in the years before, after, 
and during the 2021 Brood X 
cicada emergence to determine 
how this addition of resources 
affected trophic dynamics in 

an eastern US forest (see the 
Perspective by Parker). They 
found that, compared with 
nonemergence years, cicada 
emergence led to lower caterpil- 
lar predation by birds, higher 
caterpillar densities, and lower 
herbivory rates on oak sap- 
lings. As birds opportunistically 
switched to cicada prey, their 
control over herbivory declined, 
showing the far-reaching 
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short-term impacts of a resource 

pulse. —BEL 
Science, adi7426, this issue p. 320; 
see also adk5880 p. 268 


COMPUTER SCIENCE 
A brain-inspired 
computer chip 


The amount of data humans 
process and send around the 
globe on a daily basis is aston- 
ishing. However, the energy 
cost involved is high, and there 
is a strong need for designing 
energy-efficient devices. Modha 
et al. describe a chip with a 
neural inspired architecture, 
called NorthPole, that achieves 
substantially higher perfor- 
mance, energy efficiency, and 
area efficiency compared with 
other comparable architectures 
(see the Perspective by lyer and 
Roychowdhury). A key feature of 
this chip is the recognition that 
for almost all kinds of comput- 
ing, access to memory plays 
as important a role as logic 
processing. Unlike analog in- 
memory computing, this purely 
digital system has the option 
of tailoring the bit precision as 
needed, which allows for optimi- 
zation of the power usage. —PRS 
Science, adh1174, this issue p. 329; 
see also adk6874 p. 263 


NEUROIMMUNOLOGY 


Restraining inflammation 
The cytokine interleukin-31 (IL- 
31) has emerged as a key player 
in multiple allergic diseases. For 
example, in atopic dermatitis, 
IL-31 is believed to be a strong 
driver of itch, but the interplay 
between its activity on sensory 
neurons and in type 2 inflamma- 
tion remains unclear. In a mouse 
model of chronic house dust 
mite-induced dermatitis, Fassett 
et al. found that IL-31 restrained 
cutaneous type 2 inflamma- 
tion by initiating a pathway of 
neurogenic inflammation. Mice 
lacking the IL-13 receptor gene 
in sensory neurons displayed 
enhanced accumulation of 
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type 2 cytokine—producing CD4* 
T cells, which were suppressed 
by the IL-31-induced neuro- 
peptide calcitonin gene-related 
protein. Together, these findings 
demonstrate that in addition to 
triggering pruritus, IL-31 acts on 
sensory neurons to restrain type 
2 inflammation in the skin during 
chronic allergen exposure. —CO 
Sci. Immunol. (2023) 
10.1126/sciimmunol.abi6887 
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SEM image of the etching product 
of Ti;Alg75SNo.25C2 MAX prepared 
under a nitrogen atmosphere 


Leaving some A on MXenes 


ayered MXene materials, in which M is an early transition metal and X is carbon or nitrogen, 
are made from MAX phases, where an A group element (usually aluminum) is removed by 
etching. Bagheri et al. used a mixed tin—aluminum composition for the A site and made an 
MXene in which tin atoms uniformly decorated the MXene surfaces. The presence of tin 


made the Ti,Al,7.Sn, 5. 


C, precursor less reactive, and a lithium intercalation step was needed 


before hydrofluoric acid etching could remove the aluminum. These MXene sheets had enhanced 
environmental stability, which was attributed to tin atoms passivating defect sites where oxidation 
could occur. —PDS ACS Nano (2023) 10.1021/acsnano.3c02198 


To be or not to be a stress 
kinase inhibitor? 


The integrated stress response 
(ISR) is a vital cellular signal- 

ing pathway and is the focus 

of many drug development 
programs. The kinases that 
activate the ISR, including PERK 
and GCN2, are prominent drug 
targets, and various inhibitors 
have been generated for them. 
These inhibitors are widely used 
as tool compounds to evaluate 
the function of the ISR and the 
potential therapeutic benefit of 
inhibiting it under a range of con- 
ditions. Unexpectedly, Szaruga 
et al. found that ATP-competitive 
inhibitors of the ISR-activating 
kinases can paradoxically 
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activate the stress response 
pathway by directly binding to 
and activating a sister ISR kinase. 
—SMH 
Nat. Commun. (2023) 
10.1038/s41467-023-40823-8 


Money well spent 

Two percent of the world remains 
unhoused, and lack of money is a 
primary cause of homelessness. 
However, governments tradition- 
ally support unhoused people 
through emergency health care 
and temporary housing, services 
that do not empower people to 
make their own financial deci- 
sions. Although unconditional 
cash transfers have been effective 
in lower-income countries, we 
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know little about their impact on 
unhoused individuals in afflu- 
ent countries. To bridge this 
knowledge gap, Dwyer et al. 
studied unhoused individuals in 
Vancouver, Canada, and offered 
them a one-time Canadian $7500 
cash transfer. Compared with 
control participants, over the 
course of a year, cash recipients 
spent fewer days unhoused, 
more days in stable housing, and 
retained more savings without 
reckless spending on nonessen- 
tial goods. This finding challenges 
public perceptions and policies 
assuming that unhoused individu- 
als lack the money management 
skills necessary to become finan- 
cially independent. —EEU 

Proc. Natl. Acad. Sci. U.S.A. (2023) 

10.1073/pnas.2222103120 


Toward next-generation 
lithium batteries 


Recent advances in computer 
science and computational 
chemistry may enable useful 
insights into poorly understood 
complex chemical systems, for 
which missing databases can 
be constructed by combining 
first-principles methods with 
machine learning models. 
Using graph theory—based 
algorithms and density 
functional theory calcula- 
tions, Gao et al. generated an 
extensive database of potential 
electrolyte solvent molecules 
for lithium metal batteries. 
Analysis of this database with 
Shapley additive explana- 
tions based on the random 
forest model revealed the 
key factors influencing the 
reductive stability of electro- 
lyte solvents, which could be c 
used to accelerate the rational 
design of electrolyte molecules 
for these promising but largely 
unexplored energy storage ‘ 
systems. —YS 

J.Am. Chem. Soc. (2023) 

10.1021/jacs.3c08346 


r 


Avoiding a race 
to the bottom 


When grant funders allocate ‘ 
resources across heteroge- ¢ 
neous fields based on the 
number of applications in each 
field, “noisier” fields in which 
views of what constitutes good 
science are more divergent 
can attract more and weaker 
applications, driving applica- 
tions and funding away from 
fields for which quality is more 
consistently assessed. Based 
on their study of 2014 reforms 
in the European Research 
Council funding process, Adda 
and Ottaviani suggest that 
funders consider reforms such 
as pooling applications across 
fields. These findings may also 
apply to journals evaluating 
manuscripts and universities 
admitting students. —BW 
Q. J. Econ. (2023) 
10.1093/qje/qjad046 
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CELL BIOLOGY 


Elucidating the cellular determinants of 
targeted membrane protein degradation by 
lysosome-targeting chimeras 


Green Ahn, Nicholas M. Riley, Roarke A. Kamber, Simon Wisnovsky, Salvador Moncayo von Hase, 
Michael C. Bassik, Steven M. Banik*, Carolyn R. Bertozzi* 


INTRODUCTION: Repurposing endogenous cel- 
lular machinery to degrade disease-driving pro- 
teins is a promising therapeutic strategy, as 
evidenced by the rapid development of intra- 
cellular degraders over the past two decades. 
Extracellular degraders, including lysosome- 
targeting chimeras (LYTACs), have expanded 
the scope of protein degradation to secreted 
and plasma membrane targets. LYTACs har- 
ness endogenous cell surface receptors, such as 
cation-independent mannose 6-phosphate re- 
ceptor (CI-M6PR), to traffic specific proteins 
between the plasma membrane and lysosomes. 
However, the cellular features that affect the 
ability to hijack lysosomal trafficking for mem- 
brane protein degradation are largely unknown. 
An approach to map features that potentiate or 
attenuate the ability to degrade membrane pro- 
teins is needed to further understand extra- 
cellular degradation mechanisms. 


RATIONALE: The factors that affect membrane 
protein degradation could facilitate rational 
therapeutic development and reveal biological 
insights crucial for numerous therapeutic mo- 
dalities. Membrane proteins, unlike soluble 
secreted proteins, can retain their own distinct 
trafficking behavior through the endosomal 
system, which must be overcome or enhanced 


Identifying cellular determinants 
of LYTAC-mediated degradation 
of membrane proteins. A 
genome-wide CRISPR screen was 
conducted to identify factors 
regulating LYTAC-mediated degra- 
dation of epidermal growth factor 
receptor (EGFR) via magnetic cell 
sorting. Knockout (KO) of retromer 
complex resulted in reduced recy- 


Y, 
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v 


CRISPR KO pool 


for targeted degradation by extracellular de- 
graders. We deploy an unbiased genome-wide 
CRISPR knockout screening approach comple- 
mented by proteomics to identify and char- 
acterize cellular components that modulate 
LYTAC-mediated membrane protein degrada- 
tion. This approach combines modular chem- 
ically defined LYTAC ligands, scalable cell 
separation through magnetic beads, immuno- 
precipitation, and cell surface proteomics to 
identify key molecular players. 


RESULTS: This genome-wide screen confirmed 
the importance of several endolysosomal 
genes for LYTAC-mediated degradation. We 
characterized the effect of additional genes 
distinct from the canonical endolysosomal 
pathway or genes whose knockout can en- 
hance LYTAC activity. We identified that the 
retromer complex recycles LYTAC-CI-M6PR 
complexes from endosomes to the cell surface 
before dissociation of LYTAC from the recep- 
tor. Disruption of retromer complex genes 
enhanced degradation mediated by LYTAC by 
inhibiting this competitive recycling pathway. 
Genes involved in the neddylation of cullin 
3 (CUL3), and therefore activation of its E3 
ligase activity, were crucial for the traffick- 
ing of LYTAC-target complexes to lysosomes. 
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We determined that levels of neddylated C ree 
are correlated with degradation efficacy, — 
by serving as a potential predictive marker for 
LYTAC activity. In addition, we revealed that 
genes involved in the mannose 6-phosphate 
(M6P) biosynthesis pathway counteract LYTAC 
activity through synthesizing competitive li- 
gands for CI-M6PR. We observed that cell 
surface CI-M6PR receptors are occupied by 
distinct M6P-modified lysosomal glycoproteins. 
Disruption of M6P biosynthesis increased the 
fraction of unoccupied receptors on the cell 
surface, allowing enhanced LYTAC-receptor 
engagement and internalization. 


CONCLUSION: Mechanistic studies driven by 
extracellular degraders can reveal previously 
unknown aspects of receptor and endosomal 
biology. This study uncovered drivers of extra- 
cellular degradation using CI-M6PR as a lyso- 
some trafficking receptor. The findings of 
this study motivate new design strategies for 
lysosome-targeted protein degraders. Further- 
more, the magnetic enrichment-based genomic 
screen approach can be expanded to any other 
extracellular degraders, allowing the identifica- 
tion of common and distinct mechanisms across , 
extracellular degradation platforms. We antici- 
pate that the impacts of receptor recycling, 
occupancy, and ability to traverse the endo- 
lysosomal system revealed in our work will . 
have broader implications for other thera- 
peutics that rely on cell surface-to-lysosome 
trafficking, such as enzyme-replacement ther- 
apies, nucleic acid delivery, and antibody-drug 
conjugates. 
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Elucidating the cellular determinants of 
targeted membrane protein degradation by 


lysosome-targeting chimeras 


Green Ahn*”, Nicholas M. Riley’, Roarke A. Kamber®, Simon Wisnovsky*, 
Salvador Moncayo von Hase?”, Michael C. Bassik”°, Steven M. Banik'2*, Carolyn R. Bertozzit2>* 


Targeted protein degradation can provide advantages over inhibition approaches in the development 
of therapeutic strategies. Lysosome-targeting chimeras (LYTACs) harness receptors, such as the cation- 
independent mannose 6-phosphate receptor (CI-M6PR), to direct extracellular proteins to lysosomes. 
In this work, we used a genome-wide CRISPR knockout approach to identify modulators of LYTAC-mediated 
membrane protein degradation in human cells. We found that disrupting retromer genes improved target 
degradation by reducing LYTAC recycling to the plasma membrane. Neddylated cullin-3 facilitated LYTAC- 
complex lysosomal maturation and was a predictive marker for LYTAC efficacy. A substantial fraction of cell 
surface CI-M6PR remains occupied by endogenous M6P-modified glycoproteins. Thus, inhibition of M6P 
biosynthesis increased the internalization of LYTAC-target complexes. Our findings inform design strategies 
for next-generation LYTACs and elucidate aspects of cell surface receptor occupancy and trafficking. 


elective depletion of individual proteins 

is a validated approach for modulating 

numerous disease-driving targets. Intra- 

cellular degradation approaches using 

proteolysis-targeting chimeras (PROTACs) 
(, 2) or molecular glues (3, 4), both of which 
recruit E3 ligases to promote ubiquitination of 
target proteins, have already demonstrated 
clinical impact (5, 6). Technologies for targeted 
degradation of extracellular proteins, including 
lysosome-targeting chimeras (LYTACs) (7, 8), 
molecular degraders of extracellular proteins 
through the asialoglycoprotein receptor (MoDE- 
As) (9), antibody-based PROTACs (AbTACs) 
(10), proteolysis-targeting antibodies (PROTABs) 
(11), and cytokine receptor-targeting chimeras 
(KineTACs) (72), have recently expanded the 
scope of potential therapeutic targets. A com- 
mon theme of these approaches is harnessing 
the cellular internalization machinery to drive 
extracellular protein degradation in the lyso- 
some. For example, LYTACs are bifunctional 
molecules that form ternary complexes with a 
protein of interest and a lysosome trafficking 
receptor, such as the cation-independent man- 
nose 6-phosphate receptor (CI-M6PR) (7) 
(Fig. 1A) or the liver-restricted asialoglycopro- 
tein receptor (ASGPR) (8, 13). 


Department of Chemistry, Stanford University, Stanford, CA 
94305, USA. *Sarafan ChEM-H, Stanford University, 
Stanford, CA 94305, USA. “Department of Genetics, 
Stanford University, Stanford, CA 94305, USA. 
4Pharmaceutical Sciences, University of British Columbia, 
Vancouver, BC, Canada. “Howard Hughes Medical Institute, 
Stanford University, Stanford, CA 94305, USA. 
*Corresponding author. Email: bertozzi@stanford.edu (C.R.B.); 
sbanik@stanford.edu (S.M.B.) 


Ahn et al., Science 382, eadf6249 (2023) 


The development of PROTACs and molecu- 
lar glues has been accelerated by mechanistic 
studies that have revealed key cellular deter- 
minants for induced protein degradation 
(14-16). However, the cellular features that en- 
able or inhibit membrane protein degradation 
remain unclear. An understanding of the mech- 
anisms driving targeted degradation of extra- 
cellular and transmembrane proteins could 
potentially accelerate therapeutic development 
and application. Given the importance of 
lysosomal trafficking for the delivery of vari- 
ous biotherapeutics, including lysosomal enzyme 
replacement therapies (ERTs) (7, 18), antibody- 
drug conjugates (ADCs) (79, 20), and oligo- 
nucleotide therapeutics (21-23), characterizing 
the mechanisms of extracellular degraders is 
likely to reveal principles that can benefit 
numerous therapeutic modalities. In this work, 
we performed a genome-wide CRISPR knock- 
out (KO) screen to identify essential determi- 
nants of CI-M6PR-LYTAC-mediated lysosomal 
trafficking and degradation of membrane 
proteins. 


Design of next-generation LYTACs comprising 
antibody-glycopeptide conjugates 


To initiate a mechanistic study, we first devel- 
oped synthetically scalable next-generation 
LYTAC molecules. Synthesis of first-generation 
CI-M6PR LYTACs used NCA (N-carboxyanhy- 
dride) polymerization to generate mixtures of 
alanine-serine-mannose 6-phosphonate (M6Pn) 
copolymers with various lengths and compo- 
sitions (7). The heterogeneity of the initial 
M6Pn-glycopolymer could result in batch-to- 
batch differences and prevented characteri- 
zation of the precise molecular nature of the 
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LYTAC molecule. We developed homogeneous 
peptides to maintain control over structural 
composition of the antibody-peptide conju- 
gates. We established a synthetic route to syn- 
thesize Fmoc-Serine(M6Pn)-OH monomer that 
could be easily incorporated into a standard 
solid-phase peptide synthesis (SPPS) workflow 
with high yield (fig. S1). Glycopeptides bearing 
two M6Pn (M6Pn,) and five M6Pn (M6Pn;) 
residues were readily conjugated to cetuximab 
(Ctx), the clinically approved anti-epidermal 
growth factor receptor (EGFR) antibody, using 
Copper-free click chemistry (Fig. 1B and fig. 
$2). Ctx-M6Pn; and Ctx-M6Pn» degraded ~80% 
of cell surface EGFR in UMRC2 and HeLa cells 
(Fig. 1C and fig. S3A). Maximum degradation 
was achieved at 10 nM for both Ctx-M6Pn; and 
Ctx-M6Pn,, and higher concentrations did 
not reduce degradation (fig. S8C). More than 
50% of the total EGFR was degraded after 


24 hours of treatment in UMRC2 and HeLa ~ 


cells (fig. S3, D and E). The presence or absence 
of serum did not affect the degradation effi- 
cacy (fig. S3F). We used a fluorophore-labeled 
rabbit immunoglobulin G (IgG) as a cargo 
in the presence of goat-anti-rabbit (control) 
or goat-anti-rabbit-M6Pn; (LYTAC) to evalu- 
ate internalization of a soluble protein. The 
half maximal inhibitory concentration (IC;0) 
for monomeric M6P inhibition of IgG uptake 
by goat-anti-rabbit-M6Pn; was 4.3 mM for 
LYTAC-mediated internalization (fig. S3G), 
and saturation of cargo uptake was reached 
at 100 nM LYTAC (fig. S3H). 

To expand the targetable membrane protein 
scope, we conjugated the peptides to girentux- 
imab (Gir) and onartuzumab (Ona)—antibodies 
against carbonic anhydrase IX (CAQ) and c-Met, 
respectively. Gir-M6Pn,; and Gir-M6Pn, de- 
graded >80% of surface CA9 in UMRC2 cells 
and 70 to 80% in U87MG cells (Fig. 1D and 
fig. S3B). Only minor differences in efficacy 
were observed between M6Pn. and M6Pns, 
although Gir-M6Pn, conjugates were optimal 
for CA9 degradation, and Ctx-M6Pn, conju- 
gates were optimal for EGFR degradation. We 
confirmed that Gir-M6Pn, degraded CAQ (Fig. 
1E) and demonstrated that the down-regulation 
was highly selective for CA9 by quantitative 
proteomics (Fig. 1F). Given that only a small 
percentage of CI-M6PR is recycled to the plas- 
ma membrane, we investigated whether there 
is a capacity limit to CI-M6PR-induced degra- 
dation by assessing whether we could degrade 
two different membrane targets simultaneously. 
Ona-M6Pn; drove degradation of c-MET, and 
cotreatment with Ona-M6Pn; and Ctx-M6Pn; 
resulted in coincident degradation of EGFR 
and c-MET in two cell lines (Fig. 1G and fig. 
S4). We did not observe a loss of degradation 
efficacy with dual treatments, which suggests 
that the capacity for CI-M6PR-mediated inter- 
nalization is not saturated through LYTAC 
appropriation. 


1 of 16 


RESEARCH | RESEARCH ARTICLE 


Fig. 1. LYTACs comprising 
antibody-glycopeptide conju- 
gates enable degradation of 
membrane targets. (A) Membrane 
protein degradation mediated by 
LYTACs that harness Cl-M6PR. 
(B) Synthesis of homogeneous 
6Pn ligands through solid-phase 
peptide synthesis (SPPS). 
(C) Degradation of EGFR with 
6Pn-LYTACs in UMRC2 and HeLa 
cells as determined by live-cell flow 
cytometry after 48 hours of treat- 
ment with 10 nM Ctx or LYTACs. 
(D) Degradation of CA9 in UMRC2 
and U87MG cells as determined by 
ive-cell flow cytometry after 
48 hours of treatment with 10 nM 
Gir or LYTACs. (E) Immunoblot 
analysis of CA9 levels in UMRC2 
cells after treatment with 10 nM 
Gir or Gir- M6Pnz for 48 hours. 
GAPDH, glyceraldehyde-3- 
phosphate dehydrogenase. (F) Fold 
change in the abundance of pro- 
teins in UMRC2 cells detected by 
quantitative proteomics analysis 
after 48 hours of treatment with 
10 nM Gir or Gir-M6Pno. 
(G) Degradation of cell surface 
c-MET and EGFR in UMRC2 cells as 


A 


% Surface EGFR 


-log(p-value) 


r @fy 


Lysosomal Degradation 


“. 


Ab-M6Pn, 


tek 


% Surface EGFR 
% Surface CA-9 


cag 
1.301 P 


-log(p-value) 


0.01 


determined by live-cell flow 
cytometry after 48 hours of single 
treatment with 10 nM Ctx or 
Ona-M6Pn or cotreatment of Ctx 
and Ona-M6Pn. (H) LYTAC-mediated 
uptake of rabbit IgG-647 in various 
cell lines. Mean fluorescence inten- 
sity (MFI) relative to the control 
(rabbit IgG-647 only) for cells 
incubated at 37°C for Lhour with 
50 nM rabbit IgG-647 and 25 nM 
goat anti-rabbit or goat anti-rabbit 
6Pn. MFI was determined by live- 
cell flow cytometry. (I) Degradation 
of cell surface EGFR in various cell 
ines as determined by live-cell flow 
cytometry after 48 hours of treat- 
ment with 10 nM Ctx or Ctx con- 
jugates. For (C), (D), and (F) to (1), 
data represent three independent 
experiments, and data are shown 
as means + SEMs. P values were 
determined by unpaired two-tailed t 
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We evaluated soluble cargo internalization 
using fluorophore-labeled rabbit IgG with a 
M6Pn;-conjugated goat-anti-rabbit (LYTAC) 
across five cell lines. K562 had significantly 
higher LYTAC-mediated internalization, where- 
as the other cell lines demonstrated low to 
moderate uptake capacity (Fig. 1H). The trend 
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for internalization of soluble cargo correlated 
with cell surface CI-M6PR expression levels 
across the cell lines (fig. S5). We asked whether 
successful uptake of soluble cargo predicted 
successful degradation of membrane proteins. 
Although HeLa, UMRC2, and HEP3B showed 
efficient surface degradation of EGFR, they 
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exhibited poor soluble cargo internalization 
capacity. No EGFR degradation was observed 
upon LYTAC treatment in K562 cells (Fig. 11). 
The lack of correlation between the uptake of 
soluble cargo and membrane protein degra- 
dation suggests that regulators of induced 
membrane protein degradation are different 
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from those for soluble cargo uptake. A pre- 
vious CRISPRi screen had determined essential 
genes for uptake of soluble cargo (NeutrAvidin- 
647) by biotinylated poly(M6Pn) (7). Given the 
disconnect between soluble protein uptake and 
membrane protein degradation efficiency, we 
reasoned that features that drive the two pro- 
cesses might differ. Membrane proteins play 
critical roles in tumorigenesis and neurolog- 
ical diseases (24, 25), and the ability to degrade 
them in various contexts would be a beneficial 
therapeutic approach. A mechanistic under- 
standing of induced membrane protein degrada- 
tion could expand and generalize the technology 
while providing insight into endocytic regulators. 


A magnetic cell sorting—based genome-wide 
CRISPR screen identifies key regulators of 
LYTAC-mediated degradation 


Magnetic cell sorting (MACS) approaches en- 
able rapid sorting of adherent cells while 
maintaining high cell viability (26-28). To 
provide insight into membrane protein degra- 
dation, we designed a genome-wide CRISPR 
deletion screen using magnetic enrichment. 
We generated UMRC2-Cas9 cells infected with 
a genome-wide single-guide RNA (sgRNA) 
knockout library (29) and treated cells with Ctx 
or Ctx-M6Pn. Populations that lost EGFR ex- 
pression on the cell surface were isolated by 
sequestering EGFR-positive cells with protein 
A magnetic beads, which bind to the Fc re- 
gion of human antibodies (Ctx). No differ- 
ences in protein A binding between Ctx and 
Ctx-M6Pn were observed. Cells treated with 
Ctx-M6Pn that lost the ability to degrade EGFR 
through CRISPR-mediated gene knockout 
were retained in the bound fraction, whereas 
cells that lost cell surface EGFR remained in 
the unbound fraction. These enriched frac- 
tions were analyzed by next-generation se- 
quencing to identify the genes required for 
LYTAC-mediated membrane protein degra- 
dation (Fig. 2A). Analysis and comparison of 
the guide compositions were performed using 
casTLE (30). Genes with positive effect size 
potentiate degradation and have higher ssRNA 
enrichment in the bound fraction. Genes with 
negative effect size attenuate degradation and 
have less abundant sgRNAs in the bound frac- 
tion (Fig. 2B). ]GF2R, an alternative gene name 
for CI-M6PR, was a top hit with a positive effect 
size from the Ctx-M6Pn screen, as expected 
because M6Pn-based LYTACSs rely on the bind- 
ing and trafficking of CI-M6PR. Ctx alone 
marginally down-regulated EGFR, but the 
genes that drive Ctx-mediated EGFR interna- 
lization were distinct from those found for 
EGFR degradation mediated by Ctx-M6Pn 
(fig. S6). Gene ontology (GO) analysis for the 
hits from either Ctx or LYTAC treatment 
differentiated the cellular pathways used by 
these molecules. Enriched sgRNAs from the 
LYTAC treatment showed cellular components 
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and biological processes involved in endocyto- 
sis, whereas sgRNAs from the Ctx treatment 
used cellular components related to known 
Ctx-mediated trafficking and nuclear localiza- 
tion of EGFR. We found “retromer complex,” 
“CUL3-RING ubiquitin ligase,” and “protein 
neddylation” as enriched specific pathways 
for LYTAC-mediated EGFR degradation (fig. 
S7, A and B). Mapping the positive effect hits 
from LYTAC treatment into subcellular com- 
ponents identified several endolysosomal 
pathway drivers such as “clathrin-coated pit,” 
“early endosome,” “late endosome,” and “lyso- 
some,” mirroring the trafficking of CI-M6PR. 
Because these hits are known regulators of 
endocytosis, we sought to investigate the genes 
outside of this category, such as genes distinct 
from the endolysosomal pathway or genes 
whose knockout can enhance LYTAC-mediated 
membrane protein degradation (Fig. 2C). Genes 
associated with the retromer complex, neddy- 
lation pathway, and M6P biosynthesis in 
the endoplasmic reticulum (ER) and Golgi 
all had significant effects on LYTAC-mediated 
degradation but without clear mechanistic 
bases. 


Disruption of retromer complex genes 
enhances LYTAC-mediated degradation by 
reducing recycling from the endosomes to the 
plasma membrane 


The retromer complex is involved in retro- 
grade transport from endosomes to the trans 
Golgi network (TGN) or the plasma membrane. 
Core components of the retromer complex, 
such as vacuolar protein sorting-associated 
protein 35 (VPS35), vacuolar protein sorting- 
associated protein 26A (VPS26A), sorting 
nexin 3 (SNX3), and vacuolar protein sorting- 
associated protein 29 (VPS29), were identified 
as negative hits (Fig. 3A, fig. S8, and table S1) 
from our screen. The retromer complex is re- 
sponsible for retrograde transport of CI-M6PR 
through engagement with sorting signals within 
the cytosolic tail of CI-M6PR (37-33). Given that 
retromer genes had negative effect sizes, we 
questioned whether knockout of these genes 
would improve LYTAC-mediated degradation. 
We observed significantly greater degradation 
of EGFR in VPS26A- or SNX3-deficient cells 
after 3-hour and 48-hour treatment with LYTAC, 
which demonstrates that degradation is more 
efficient when retromer genes are disrupted 
(Fig. 3, B and C). We achieved >90% degrada- 
tion of cell surface EGFR in VPS26A-deficient 
cells. In addition, confocal imaging revealed 
that EGFR was localized in both late endo- 
somes or lysosomes (LE/LY) and at the 
plasma membrane of wild-type (WT) cells, 
whereas EGFR was mostly undetectable on 
the cell surface of VPS26A-deficient cells after 
LYTAC treatment (fig. S9A). Loss of VPS26A 
did not change the surface expression level 
of CI-M6PR (Fig. 3D). In LYTAC-treated cells, 
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total CI-M6PR levels remained unchanged in 
both WT and VPS26A-deficient cells, whereas 
EGFR levels were reduced in both cell types, 
which confirms that LYTAC degrades its tar- 
get without degrading CI-M6PR (fig. S9B). 
Furthermore, no change in LYTAC-mediated 
internalization of rabbit IgG was observed in 
VPS26A-deficient cells at 10, 20, and 60 min 
(Fig. 3E and fig. S9C). 

Because the retromer complex is involved in 
recycling cargo from endosomes, it may par- 
tially recycle the LYTAC-CI-M6PR complex 
before dissociation of LYTAC from the recep- 
tor. To test this, we performed a pulse-chase 
experiment where we treated with Ctx-M6Pn 
for 24 hours and then washed and incubated 
with fresh media for an additional 24 hours. 
The localization of Ctx-M6Pn (LYTAC) was 
then visualized by goat-anti-human-647 stain- 
ing. In WT cells, LYTAC was localized at both 
the plasma membrane and partially in LE/LY, 
whereas we did not observe LYTAC localization 
on the cell surface in VPS26A KO cells (Fig. 
3F and fig. $10). Using flow cytometry, we 
observed an increase in cell surface staining of 
LYTAC with anti-human-647 in WT cells over 
time, whereas no increase in staining was ob- 
served in VPS26A-deficient cells (Fig. 3G). 
Thus, LYTACs can recycle back to the plasma 
membrane from endosomes via the retromer 
complex, whereas such recycling is reduced 
when a component in the retromer complex 
is disrupted. To identify whether the recycling 
of LYTAC was because of recycling of EGFR or 
CI-M6PR, we conducted the same pulse experi- 
ment with Ctx and observed that Ctx was still 
bound to EGFR on the cell surface in both WT 
and VPS26A-deficient cells (Fig. 3, F and GQ). 
Thus, the retromer complex can recycle the 
LYTAC-CI-M6PR complex before dissociation 
of LYTAC from the receptor, and perturba- 
tion of retromer genes can increase the efficacy 
of LYTAC by removing a competitive recycling 
pathway of CI-M6PR. 


Neddylation of CUL3 is essential and a 
predictive marker for LYTAC-mediated 
membrane protein degradation 


We found several genes with high casTLE 
scores that are involved in neddylation and 
activation of the E3 ligase cullin-3 (CUL3). 
During the activation process, Nedd8 is trans- 
ferred from E1 [Nedd8 activating enzyme E1 
subunit 1 (NAED), ubiquitin-activating enzyme 
3 (UBA3)] to E2 [Nedd8-conjugating enzyme 
Ubcl2 (UBE2M)], then to E3 ligase (CUL3). 
Inactive CUL3 is normally bound by cullin- 
associated Nedd8-dissociated protein 1(CAND1), 
and upon neddylation, CAND1 dissociates 
activating CUL3. CUL3 neddylation can be re- 
versed by the constitutive photomorphogenesis 
9 (COPY) signalosome complex to allow recycl- 
ing of neddylation (34-36) (Fig. 4A and fig. STIA). 
All of these components, including CUL3, were 
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Fig. 2. Genome-wide CRISPR KO screen identifies regulators for LYTAC-mediated membrane protein degradation. (A) MACS-based CRISPR KO screen in 
UMRC2 cells stably expressing Cas9 and a library of sgRNAs with a genome-wide coverage. Cells were treated with Ctx or Ctx-LYTAC for 48 hours and enriched 
for bound and unbound fractions using protein A magnetic beads. (B) Selected gene hits for regulation of EGFR degradation by Ctx-M6Pn. Hits with positive effect are 
in blue, and hits with negative effect are in red. (C) Schematic of hits categorized by subcellular localization or processes according to GO annotations, color 


coded by casTLE score. Genes with positive effect are in blue, and genes with negative effect are in red. 


identified as hits with positive effect for Ctx- | mediated degradation (Fig. 4B). Knockout of 
M6Pn-mediated degradation and were not en- | genes (CUL3, UBA3, CANDI) in this pathway 
riched from the Ctx screen, which suggests that | (fig. S11, B and C, and table S1) confirmed that 
neddylation of CUL3 is important for LYTAC- | degradation of EGFR was dependent on a 
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functional E3 neddylation system (Fig. 4C 
and fig. S12A). To determine whether a CUL3 
dependency was specific to EGFR degrada- 
tion, we tested for degradation of c-MET in 
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Fig. 3. Disrupting retromer complex genes enhances Cl-M6PR-mediated Ctx (goat anti-human-647) in WT and VPS26A KO cells after pulse treatment 


target degradation by reducing the recycling of LYTAC-CI-M6PR of Ctx-M6Pn. Cells were treated with 10 nM Ctx-M6Pn for 24 hours, then washed 
complexes. (A) Retromer complex genes are negative hits from the CRISPR and incubated with fresh media for additional 24 hours. Scale bar, 10 um. DAPI, 
screen. (B) Degradation of EGFR in UMRC2 WT, VPS26A KO, and SNX3 KO 4'6-diamidino-2-phenylindole. (G) Recycling of Ctx or Ctx-M6Pn determined by 
cells as determined by live-cell flow cytometry after 3 hours or 48 hours of live-cell flow cytometry. UMRC2 WT and VPS26A KO cells were pulse treated with 
treatment with 10 nM Ctx or Ctx-M6Pn. (C) Immunoblot analysis of EGFR levels 10 nM Ctx or Ctx-M6Pn for 24 hours, then washed and incubated with fresh 

in WT or VPS26A KO cells after treatment with 10 nM Ctx or Ctx-M6Pn for media for the indicated times followed by surface staining with anti-human-647 
48 hours. (D) Cell surface expression level of Cl-M6PR in WT and VPS26A KO on ice. For (B), (D), (E), and (G), data represent three independent experiments 
cells by live-cell flow cytometry. (E) MFI relative to the control (rabbit IgG-647 and are shown as means + SEMs. P values were determined by unpaired 

only) for WT and VPS26A KO cells incubated at 37°C for lhour with 50 nM rabbit two-tailed t tests. NS, not significant; *P < 0.05; **P < 0.01. Data in (C) are 


IgG-647 and 25nM goat anti-rabbit or goat anti-rabbit M6Pn. MFI was representative of three independent experiments. Images in (F) are representa- 
determined by live-cell flow cytometry. (F) Localization of EGFR and Ctx-M6Pn or _ tive of three independent experiments and are a single plane. 
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CUL3-deficient cells and found that c-MET 
degradation was also attenuated (Fig. 4D and 
fig. S12B), which suggests that the role of CUL3 
is not target specific. The impact of neddyla- 
tion was also examined with MLN4924, which 
effectively blocked neddylation of CUL3 and 
completely abrogated LYTAC-mediated degra- 
dation (fig. S13A). To verify this effect in a differ- 
ent cell line, we also confirmed that MLN4924 
inhibited neddylation of CUL3 and prevented 
LYTAC-mediated degradation of EGFR and 
c-MET in HeLa cells. Unlike UMRC2 cells, HeLa 
cells down-regulate EGFR with EGF treat- 
ment. Treatment with MLN4924 had little 
effect on the EGF-mediated degradation of 
EGFR, which suggests that CUL3 neddylation 
is dispensable for EGFR down-regulation by 
endogenous mechanisms but is essential for 
LYTAC-mediated degradation (Fig. 4E and 
fig. S13, B and C). We also determined that 
recycling of neddylation is essential for LYTAC 
activity because treatment with a deneddyla- 
tion inhibitor, CSN5i, abolished LYTAC activ- 
ity (fig. S14). This is consistent with previous 
studies that have shown that dynamic neddy- 
lation and deneddylation are requirements for 
active cullin ligases (37, 38). 

To determine the stage of the LYTAC- 
mediated degradation pathway dependent on 
neddylation of CUL3, we first observed that 
the cell surface expression of CI-M6PR was 
unchanged in CUL3-deficient cells (Fig. 4F). 
We then asked whether CUL3 affects the inter- 
nalization of LYTAC-target complexes. Although 
no reduction in total EGFR levels was observed 
after LYTAC treatment in CUL3-deficient cells 
(Fig. 4C), we observed a reduction in cell sur- 
face EGFR levels relative to the untreated 
control after LYTAC treatment (Fig. 4G). We 
confirmed that the binding and internaliza- 
tion of LYTACs did not change in CUL3- 
deficient cells (Fig. 4, H and I, and fig. S15). 
Loss of CUL3 also did not affect the LYTAC- 
mediated internalization of a soluble IgG (fig. 
S16). Thus, CUL3 activity is downstream of 
LYTAC-mediated internalization. To further 
investigate this effect, we looked at the locali- 
zation of EGFR after 72 hours of LYTAC treat- 
ment and found that EGFR was concentrated 
partially in LE/LY vesicles in CUL3-deficient 
cells, whereas EGFR was mostly degraded 
in the WT cells (Fig. 4J). In addition, we per- 
formed a pulse-chase experiment where we 
treated with Ctx or LYTAC for 24 hours and 
then washed and incubated with fresh media. 
After 48 hours, LYTAC was cleared in WT cells, 
as indicated by the lack of anti-human-647 
signal. However, LYTAC was observed in puncta 
that colocalized with CI-M6PR in CUL3- 
deficient cells (fig. S17), which suggests in- 
efficient transport of LYTAC into lysosomes. 
Thus, CUL3 plays an essential role in LYTAC- 
mediated target maturation from endosome to 
lysosome for degradation. 
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To understand how CUL3 may regulate matu- 
ration of endosomes to lysosomes, we identified 
interactors of neddylated CUL3 through im- 
munoprecipitation (IP)-proteomics. Because 
CUL3 is activated by neddylation, we looked for 
interactors that were depleted when neddyla- 
tion was inhibited by MLN4924 treatment 
(Fig. 4K). Substrates that are ubiquitinated by 
CUL3 were identified by ubiquitin enrichment 
proteomics in WT and CUL3-deficient cells 
(Fig. 4L). A prominent hit was sequestosome-1 
(SQSTM1) (Fig. 4, K and L). We confirmed 
enrichment of SQSTM1 after CUL3-IP in the 
absence of MLN4924: by immunoblot (fig. S18A). 
SQSTM1 is ubiquitinated by the E3 ligase 
RNF26, which allows its recruitment of vesicle 
adaptors involved in endosomal maturation 
and efficient cargo transfer (39). Our proteo- 
mics results suggest that ubiquitination of 
SQSTM1 by CUL3 is essential for late endo- 
somal maturation and LYTAC activity. We 
confirmed that LYTACs had reduced ability 
to promote degradation of EGFR in SQSTM1 
KO cells (fig. $18, B to D). Rather, EGFR was 
trapped in LE/LY compartments after LYTAC 
treatment (fig. SI8E), similarly to CUL3 KO 
cells. Furthermore, SQSTM1 colocalized with 
Ctx-M6Pn in CUL3-deficient cells, whereas 
this behavior was less pronounced in WT cells 
(Fig. 4M and fig. SI8F). Thus, SQSTM1] inter- 
acts with LYTAC-containing endosomes but 
requires ubiquitination at the late endosome 
by CUL3 to enable further maturation and 
trafficking of LYTAC-target complexes to 
lysosomes. 

Given the critical role of CUL3 neddylation 
for LYTAC activity, we questioned whether the 
expression of neddylated CUL3 could be cor- 
related with degradation efficacy. We compared 
the expression levels of neddylated CUL3 and 
EGFR degradation ability across 11 cell lines 
spanning eight different tissues and observed 
that cell lines with higher levels of neddylated 
CUL3 exhibited better degradation of EGFR 
(Fig. 4, N to P). This correlation suggests that 
neddylated CUL3 could serve as a predictive 
marker for LYTAC-mediated membrane pro- 
tein degradation. 


Disruption of M6P biosynthesis genes 
enhances LYTAC efficacy 


Lysosomal hydrolases are synthesized in the 
ER and transported to the TGN, where they 
are modified with M6P. CI-M6PR in the TGN 
recognizes M6P-modified lysosomal proteins 
and traffics them to late endosomes for even- 
tual lysosomal delivery (40-42). Our screen 
for LYTAC-mediated degradation identified 
several glycosyltransferases with negative 
effect sizes that are involved in the M6P glyco- 
protein biosynthesis pathway, including 
alpha-1,2-mannosyltransferase (ALGQ), alpha- 
1,6-mannosyltransferase (ALG12), mannosyl- 
oligosaccharide glucosidase (MOGS), glucosidase 
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II alpha subunit (GANAB), N-acetylglucosamine- 
1-phosphate transferase (GNPTAB), and N- 
acetylglucosamine-1-phosphodiester alpha-N- 
acetylglucosaminidase (NAGPA) (Fig. 5, A and 
B; fig. SI9A; and table S1). Transmembrane 
protein 251 (TMEM251) or lysosomal enzyme 
trafficking factor (LYSET), which was recently 
characterized as a crucial protein for M6P modi- 
fication and trafficking of lysosomal hydrolases 
(43, 44), was also identified (Fig. 5B). Knockouts 
of ALG12 or GNPTAB resulted in greater lyso- 
tracker signal (fig. S19, B to D), consistent with 
previous accounts of enlarged lysosomes in 
GNPTAB KO cells (45). Ctx-M6Pn-mediated 
degradation was enhanced in ALG12- or 
GNPTAB-deficient cells after 3, 24, and 48 hours 
of treatment (Fig. 5C). After 48 hours of 
treatment, we observed >90% depletion of sur- 
face EGFR in these cells. By confocal micros- 
copy, some EGFR remained on the cell surface 


in WT cells after 24 hours of LYTAC treatment, * 


whereas EGFR was nearly depleted from the 
cell surface in ALG12- or GNPTAB-deficient 
cells (Fig. 5D). We did not detect any surface- 
bound EGFR after LYTAC treatment in these 
cells, indicating enhanced internalization of 
target-LYTAC-CI-M6PR complexes. We also 
examined c-MET and CAQ9 degradation in 
ALG12 and GNPTAB KO cells. After 3 hours 
of treatment with Ona-M6Pn, about 40% of 
surface c-Met was degraded in WT cells. How- 
ever, we observed 70% degradation of c-Met in 
ALG12- and GNPTAB-deficient cells, which 
was the Dyyax (maximal percent degradation) 
reached after 48 hours in WT cells (Fig. 5E). 
Degradation of CA9 was similarly improved in 
GNPTAB-deficient cells with Gir-M6Pn, which 
confirms that disruption of M6P biosynthesis 
enhances LYTAC activity across multiple mem- 
brane targets (Fig. 5F). 


M6P biosynthesis attenuates CI-M6PR cell 
surface accessibility 


To elucidate how the disruption of M6P bio- 
synthesis genes improves LYTAC efficacy, we 
first assessed internalization of soluble cargo 
at 37°C using rabbit IgG-647. We observed a 
significant increase in uptake in ALG12- and 
GNPTAB-deficient cells, where internalized 
cargo colocalized with lysotracker (Fig. 6, A 
and B). This may be attributed to increased 
expression of cell surface CI-M6PR. How- 
ever, loss of ALG12 or GNPTAB did not result 
in significant differences in surface CI-M6PR 
expression (Fig. 6C). Reduced M6P biosynthesis 
may result in altered CI-M6PR occupancy by 
lysosomal hydrolases that traffic from the TGN 
to the plasma membrane, thereby increasing 
the fraction of unoccupied cell surface CI-M6PR 
accessible to LYTACs. To test this, we measured 
the binding of LYTAC to the cell surface by 
staining with rabbit IgG-647 and goat-anti- 
rabbit-M6Pn without internalization. Binding 
of a LYTAC to the cell surface was higher in 
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Fig. 4. Neddylation of CUL3 is A 


essential for Cl-M6PR-mediated 
target lysosomal degradation. 
(A) CUL3 neddylation process. 
Neddylation activates E3 ligase, 
CUL3. (B) Genes involved in CUL3 
neddylation are positive hits from 
the CRISPR screen. (C) Immuno- 
blot analysis of EGFR levels in 

WT and CUL3, UBA3, and CAND1 
KO cells after treatment with 

O nM Ctx or Ctx-M6Pn for 48 hours. 
(D) Levels of c-MET in WT and 
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24 hours. (F) Cell surface expres- 
sion level of CI-M6PR in WT and 
CUL3 KO cells by live-cell flow 
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surface EGFR in WT and CUL3 KO 
cells as determined by live-cell flow 
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Fig. 5. Knockout of M6P biosynthesis A 
genes enhances LYTAC efficacy. 
(A) M6P-N-glycan biosynthesis of lyso- 


MOGS GNPTAB 
> > 


somal hydrolases in the ER and Golgi. 
(B) Genes involved in M6P biosynthesis P 
pathway are negative hits from the \ 


GANAB GNPTG 


CRISPR screen. (C) Degradation of EGFR 

in UMRC2 WT, ALG12 KO, and GNPTAB 

KO cells as determined by live-cell flow 
cytometry after 3 hours, 24 hours, and Cc 
48 hours of treatment with 10 nM Ctx or 
Ctx-M6Pn. (D) Visualization of EGFR 
degradation in WT and GNPTAB KO cells 
using confocal microscopy after continu- 
ous treatment with Ctx or Ctx-M6Pn for 
24 hours. Scale bar, 10 um. (E) Degra- 
dation of c-MET in UMRC2 WT, ALG12 
KO, and GNPTAB KO cells as determined 
by live-cell flow cytometry after 3 hours 
and 48 hours of treatment with 10 nM 
Ctx or Ctx-M6Pn. (F) Degradation of CA-9 
in UMRC2 WT and GNPTAB KO cells as 
determined by live-cell flow cytometry 
after 24 hours of treatment with 10 nM 
Ctx or Ctx-M6Pn. For (C), (E), and (F), D 
data represent three independent 
experiments, and data are shown as 

means + SEMs. P values were determined 

by unpaired two-tailed t tests. NS, not 
significant; *P < 0.05; **P < 0.01. Images 

in (D) are representative of two 

independent experiments and are a 

single plane. 
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ALG12- and GNPTAB-deficient cells and was 
ablated by cotreatment with inhibitory mono- 
meric M6P (mM6P), which indicates that the 
binding is CI-M6PR dependent (Fig. 6D). Thus, 
a majority of cell surface CI-M6PR remains oc- 
cupied at steady state. 

We sought to identify proteins occupying 
cell surface CI-M6PR using quantitative surface 
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proteomics comparing GNPTAB KO cells with 
WT cells, where we labeled the cell surface with 
cell-impermeable NHS-sulfo-biotin on ice and 
enriched cell lysates for biotinylated surface 
proteins (Fig. 6E). Quantitative proteomics 
showed a decrease in lysosomal proteins or 
hydrolases, such as mammalian ependymin- 
related protein 1 (EPDR1), N-acetylglucosamine- 


20 October 2023 


Ctx-M6P casTLE score 
nN 
[=] 
oO 


MEM251 
Ean. 
=" 5% FDR 


Genes 
48h 
-————— 
wv 20 —— 
a) 60 
S m Ck 
& 40 Mi Ct-M6Pn 
=f 
20 
xf 
0 
A 
vs of 
nv gs 
Y s 
E lm Ona 


% Surface c-Met 


F m Gir 
mw Gir-M6Pn 
rs | 
~ 100 
S 80 
8 60 
3 40 
xe 20 
) 
& 
SS 


6-sulfatase (GNS), B-galactosidase (B-gal), and 
acid ceramidase (ASAH1), on the cell surface of 
GNPTAB-deficient cells compared with the 
WT cells (Fig. 6F). GNS (46, 47), B-gal (46, 48), 
and ASAHI (46, 47) are well-known lysosomal 
hydrolases that have M6P modifications. EDPR1 
is a lysosomal protein with unknown function, 
but it is modified with M6P (46, 47, 49-51). 
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Fig. 6. M6P bio- A 


synthesis attenuates 
CI-M6PR cell surface 
accessibility. (A) 
Uptake of rabbit IgG-647. 
MFI relative to the con- 
trol (rabbit IgG-647 only) 
for WT, ALG12 KO, and 
GNPTAB KO cells incu- 0 
bated at 37°C for 1 hour 
with 50 nM rabbit IgG- 
647 and 25 nM goat anti- 
abbit or goat anti-rabbit 
]6Pn. MFI was determined 
by live-cell flow cytometry. 
(B) Live-cell imaging of 
UMRC2 WT, ALG12 KO, 
and GNPTAB KO cells 
that were incubated at 
37°C for Lhour with 
50 nM rabbit IgG-647 and 
25 nM goat anti-rabbit, 
goat anti-rabbit M6Pn. 
Scale bar, 20 um. 
(C) Cell surface expression 
level of CI-M6PR in WT, 
ALG12 KO, and GNPTAB 
KO cells by live-cell flow 
cytometry. (D) Cell surface 
CI-M6PR binding. MFI rel- 
ative to the control (rabbit 
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We confirmed that levels of EPDR1 were also 
reduced in GNPTAB-deficient cells by immuno- 
blot (fig. SI8E), consistent with prior work 
demonstrating lower cellular levels of M6P- 
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tagged proteins in GNPTAB KO cells (45). To 
validate our findings from surface proteomics, 
we analyzed the cell surface expression level of 
EPDRI, B-gal, and GNS by flow cytometry and 
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Knockouts of M6P biosynthesis genes result in more 
unoccupied CI-M6PRs on the cell-surface 


GNPTAB KO cells. (H) Model for knockout of M6P biosynthesis genes resulting in an increased fraction of accessible CI-M6PR on the cell surface. For (A), (C), (D), 
and (G), data represent three independent experiments, and data are shown as means + SEMs. P values were determined by unpaired two-tailed t tests. NS, not 
significant; *P < 0.05; **P < 0.01; ***P < 0.001. Images in (B) are representative of two independent experiments and are a single plane. For (F), data are 


confirmed that cell surface levels of these pro- 
teins were lower in the GNPTAB-deficient cells 
(Fig. 6G). Thus, CI-M6PR is occupied with 
M6P-modified proteins on the cell surface at 
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a steady state. As a result, perturbation of 
M6P biosynthesis genes increases the frac- 
tion of accessible CI-M6PRs on the cell surface, 
thereby enhancing internalization of LYTACs 
(Fig. 6H). 


Discussion 


First-generation LYTACs could not achieve 
beyond 70 to 80% target degradation after 
24 to 48 hours of treatment, regardless of the 
specific protein target (7). These findings sug- 
gested that unknown aspects of the LYTAC 
endolysosomal trafficking mechanism may 
place a limit on protein degradation. We were 
curious whether this constraint could be over- 
come through a more nuanced understanding 
of these trafficking pathways. As with other 
degradation modalities, we observed that the 
Dymax Values differ across cell lines, even when 
the same protein is targeted. Discovery of 
features that drive this variation might allow 
the prediction of efficacy of LYTAC degrada- 
tion through a priori genetic or biochemical 
analyses. In this work, we determined that dis- 
ruption of retromer genes reduced the recycling 
of CI-M6PR-LYTAC complexes from endosomes 
to the plasma membrane and increased lyso- 
somal degradation to >90%. From a therapeu- 
tic standpoint, knocking out retromer complexes 
may not be desirable because retromer com- 
plexes are important for conserved cellular 
endocytic processes (52). However, these re- 
sults motivate antibody engineering of LYTACs 
to release their targets at low pH in endosomes, 
which could allow the target to degrade regard- 
less of LYTAC recycling and could markedly 
enhance degradation efficacy. In addition, we 
identified that neddylation of CUL3 is an 
essential factor for late endosomal maturation 
and a predictive marker for LYTAC activity. 
CI-M6PR-mediated lysosomal transport is 
the standard ERT approach for several lyso- 
somal storage disorders. Yet, regulators of CI- 
M6PR internalization ability and trafficking 
are not fully understood. Recent deorphaniza- 
tion of TMEM251 as an essential factor for 
lysosomal enzyme transport and M6P traffick- 
ing machinery has highlighted the relevance 
of functional CI-M6PR-mediated transport in 
disease contexts (43, 44). Through elucidating 
the mechanistic principles of LYTACs, we show 
that M6P biosynthesis attenuates CI-M6PR cell 
surface accessibility, and perturbation of M6P 
biosynthesis genes increases the fraction of 
unoccupied receptors on the cell surface. The 
observation of discrete M6P-tagged proteins 
that occupy receptors at the cell surface is 
supported by prior work which has demon- 
strated that free receptors were replaced with 
ligand-occupied receptors at the cell surface of 
cells treated with weak bases or monensin, 
which inhibit dissociation of receptor-ligand 
complexes (53). Although direct pharmaco- 
logical targeting of M6P biosynthesis might 
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adversely affect lysosomal enzyme activities, 
our findings reveal important design consider- 
ations for future LYTACs with enhanced effi- 
cacy. One strategy may be to use a higher-affinity 
M6P-ligand for CI-M6PR that can outcompete 
the lysosomal hydrolases. Alternatively, usage 
of orthogonal binding sites on CI-M6PR, such 
as the IGF2, urokinase receptor (uPAR), and 
retinoic acid binding sites, might prove more 
effective (54-57) (41). Beyond LYTACs, delivery 
applications dependent on CI-M6PR trafficking, 
including ERTs or macromolecule delivery 
platforms, could benefit from targeting alter- 
native regions of the internalizing receptor. 
The guiding principles that result from our 
studies can be implemented in other thera- 
peutics that benefit from enhanced lysosomal 
trafficking via CI-M6PR. 

The field of extracellular protein degrada- 
tion is emerging as a powerful method for 
therapeutic modulation of deleterious pro- 
teins. In this work, we used an unbiased func- 
tional genomic-driven mechanistic study to 
characterize the cellular determinants of an 
extracellular protein degradation platform 
(LYTACs). The genomic screen approach via 
protein A magnetic enrichment that we de- 
monstrate can be applied to any other extra- 
cellular antibody-based degraders, such as 
PROTABs, KineTACs, and AbTACs, that har- 
ness different lysosome trafficking receptors 
and pathways. The unbiased screen resulted 
in fundamental information that sheds light 
on CI-M6PR occupancy and trafficking. Simi- 
lar approaches may facilitate identification of 
the drivers of other degraders and the mecha- 
nistic nuances of alternative lysosome trafficking 
receptors that have been harnessed for degra- 
dation, such as ASGPR, RNF43, ZNRF3, and 
CXCR7 (8-13). Our work thus provides a clear 
roadmap for studying mechanistic principles 
of other extracellular degraders and a valuable 
lens for studying lysosome trafficking receptors. 


Materials and methods 
General chemical synthesis procedures 


Reagent-grade chemical reagents were pur- 
chased from Carbosynth, Sigma Aldrich, Click 
Chemistry Tools, and TCI. All chemical re- 
actions were performed in standard, flame- 
dried glassware capped with rubber septa 
under an inert atmosphere of nitrogen unless 
stated otherwise. Stainless steel syringes or 
cannulae were used to transfer moisture- 
sensitive liquids. Thin layer chromatography 
(TLC) was conducted on precoated glass plates 
covered with 0.2 mm silica gel for monitoring 
reactions. TLC plates were visualized with 
UV light or 5% H,SO, in MeOH. Reaction 
mixtures were purified via column chroma- 
tography using Biotage SNAP KP-Sil or Ultra 
C18 cartridges (10 to 100 g) with a Biotage 
Isolera Prime ACI automated fraction collector. 
See the supplementary text (Chemical Synthe- 
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sis Procedures and Characterization) for de- 
tailed synthetic protocols and characterization 
of new compounds. 


Chemical analysis instrumentation 


Proton nuclear magnetic resonance (‘H NMR) 
spectra were recorded on a Varian 400 spec- 
trometer and proton-decoupled carbon-13 NMR 
(°c {‘H} NMR) spectra were recorded on a 
Varian 500 or Varian 400 spectrometer at 25°C. 
Spectra were reported in parts per million 
(ppm) downfield of tetramethylsilane and are 
referenced to the residual resonances of the 
protium NMR solvent [CD3OD: 3.31 (methanol)] 
and carbon NMR solvent [CD3OD: 49.00 (meth- 
anol)]. MestReNova (v12.0.3) was used for all 
chemical NMR analysis. Data are reported as 
chemical shift, multiplicity (br, broad; s, singlet; 
d, doublet; t, triplet; q, quartet; quin, quintet; 
sept, septet; m, multiplet), coupling constants 


in Hertz (Hz) and integration. High-resolution * 


mass spectrometric data were obtained on a 
Thermo Exploris 240 Orbitrap mass spectro- 
meter by the Stanford University Mass Spec- 
trometry (SUMS) core facility. 


Cell lines 


Adherent cells were cultured in T75 flasks or 
15-cm plates at 37°C in a 5% CO, atmosphere. 
HeLa, HEPG2, HEP3B, HCT116, NCI-H1299, 
K562, CaSki, HT1376, SCaBER, and SKOV3 
cells were obtained from ATCC. UMRC2 was 
a generous gift from Dr. Erinn Rankin at 
Stanford University. HeLa, HEPG2, HEP3B, 
HT1376, and SCaBER were cultured in Dul- 
becco’s minimum essential medium (DMEM) 
supplemented with 10% heat-inactivated fetal 
bovine serum (HI-FBS) and 1% penicillin/ 
streptomycin. NCI-H1299, K562, CaSKi were 
cultured in RPMI supplemented with 10% HI- 
FBS and 1% penicillin/streptomycin. HCT116 
and SKOV3 were cultured in McCoy 5A sup- 
plemented with 10% HI-FBS and 1% penicillin/ 
streptomycin. 


Antibody-M6Pn conjugation 


A2 to 5 mg/ml solution of antibody (goat-anti- 
rabbit, Ctx, Gir) was buffer exchanged into 
phosphate-buffered saline (PBS) using a 7K 
Zeba size-exclusion column according to the 
manufacturer’s protocol. To the antibody solu- 
tion was added 50 equiv. of NHS-(PEG),-azide 
[20 mg ml” in dimethyl sulfoxide (DMSO), Click 
Chemistry Tools], and the reaction was incu- 
bated overnight at room temperature (RT). The 
reaction mixture was filtered using a 7K Zeba 
size-exclusion column to yield the conjugated 
antibody. 

M6Pn; or M65Pn2-BCN glycopeptides (100 
equiv.) were weighed into an Eppendorf tube, 
and a2 mg mI solution of antibody-(PEG),- 
Nz was added. The reaction was manually agi- 
tated until the mixture was homogeneous. 
The reaction mixture was allowed to incubate 
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at RT in the dark for 3 days and was filtered 
using a 7K Zeba size-exclusion column. 


IgG internalization assay by flow cytometry 


Cells were plated (75,000 cells per well in a 
24-well plate) 1 day before the experiment. 
For rabbit-IgG internalization, cells were incu- 
bated with 250 ul of complete growth media 
with 50 nM Rabbit IgG-647 and 25 nM goat 
anti-rabbit, or goat anti-rabbit-M6Pn for 1 hour. 
For Ctx or LYTAC internalization, cells were 
incubated with 250 ul of complete growth 
media with 50 nM goat-anti-human-647 and 
25 nM Ctx or 25 nM Ctx-M6Pn. After incuba- 
tion, cells were washed with PBS three times, 
lifted with trypsin, then transferred to a 96-well 
V-bottom plate. The cells were washed three 
times with PBS + 0.5% bovine serum albumin 
(BSA) + 5 mM EDTA, then incubated with 
Sytox Green for 15 min on ice before flow 
cytometry analysis. 


IgG internalization and colocalization by 

live-cell imaging 

Cells were plated (50,000 cells per well in an 
8-well Labtek) a day before the experiment. 
Cells were incubated with 200 ul of complete 
growth media with 50 nM Rabbit IgG-647 and 
25 nM goat anti-rabbit or goat anti-rabbit- 
M6Pn for 1 hour. After incubation, 50 nM lyso- 
tracker was added and cells were incubated for 
additional 15 min at 37°C. Cells were then 
washed with PBS three times, incubated with 
Hoechst for 5 min, and imaged by confocal 
microscopy. 


Protein degradation analysis by immunoblot 


Cells were plated (75,000 cells per well in a 24- 
well plate) 1 day before the experiment. Cells 
were incubated with 250 ul of complete growth 
media with 10 nM LYTAC or controls for the 
indicated time. Cells were then washed with 
PBS three times and lysed with RIPA buffer 
supplemented with protease inhibitor cocktail 
(Roche), 0.1% Benzonase (Millipore-Sigma), 
and PhosStop (Roche) on ice for 30 min. The 
cell suspension was scraped and transferred to 
Eppendorf tubes, and spun down at 21,000 g 
for 15 min at 4°C. The supernatant was col- 
lected and the protein concentration was deter- 
mined by BCA assay (Pierce). Equal amounts of 
lysates were loaded onto 4 to 12% Bis-Tris gel 
and separated by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE). 
Then, the gel was transferred onto a nitro- 
cellulose membrane and stained with REVERT 
Total Protein Stain (LI-COR), then blocked 
with Intercept Blocking Buffer (TBS) (LI-COR) 
for 1 hour at RT. The membrane was incu- 
bated with primary antibody overnight at 4°C, 
washed three times with TBS-T. Subsequently, 
the membrane was incubated with secondary 
antibody for 1 hour at RT and washed three 
times with TBS-T for visualization with an 
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Odyssey CLx Imager (LI-COR). Image Studio 
(LI-COR) was used to quantify band intensities. 


Cell surface antigen staining by flow cytometry 


Cells were lifted with trypsin for <5 min, 
quenched with media, and transferred to a 
96-well V-bottom plate. Cells were washed 
three times with PBS + 0.5% BSA + 5mM EDTA 
[fluorescence-activated cell sorting (FACS) 
buffer] and incubated with primary antibody 
for 30 min on ice. Cells were washed three 
times with PBS + 0.5% BSA + 5 mM EDTA 
(FACS buffer) and incubated with secondary 
antibody for 30 min on ice. After washing 
three times with FACS buffer, cells were incu- 
bated with either Sytox Green, Sytox Red, or 
Sytox Blue for 15 min on ice. Flow cytometry was 
performed on either a BD LSR II or MACSQuant 
Analyzer 10 Flow Cytometer, and FlowJo soft- 
ware was used to gate on single cells and live 
cells for analysis. 


Cell surface degradation analysis by flow 
cytometry 


Adherent cells were plated (75,000 cells per 
well in a 24-well plate) 1 day before the experi- 
ment. Cells were incubated with 250 ul of 
complete growth media with 10 nM LYTAC 
or controls for indicated time. Cells were then 
washed with PBS three times, lifted with tryp- 
sin for <5 min, quenched with media, and trans- 
ferred to a 96-well V-bottom plate for staining by 
flow cytometry as shown above. 


Quantitative proteomics for CA9 degradation 
Sample processing 


UMRC2 cells were plated (375,000 cells per 
well in a 6-well plate) 1 day before the expe- 
riment. Cells were incubated with 1500 ul of 
complete growth media with PBS (control), 
10 nM Gir, or 10 nM Gir-M6Pn for 48 hours, 
with all conditions performed in triplicate. 
Cells were then washed with PBS and lysed 
with RIPA buffer supplemented with protease 
inhibitor cocktail (Roche), 0.1% Benzonase 
(Millipore-Sigma), and phosphatase inhibitor 
cocktail (Cell Signaling Technologies) on ice 
for 30 min. The cells were scraped, transferred 
to Eppendorf tubes, and spun down at 21,000 g 
for 15 min at 4°C. The supernatant was col- 
lected, protein concentration was determined 
using BCA assay (Pierce), and ~30 ug of total 
protein from each sample was processed for 
quantitative bottom-up proteomics using an 
micro S-trap (ProtiFi) protocol as follows. The 
concentration of SDS was brought to 5% SDS 
and disulfide bonds were reduced by heating 
samples to 95°C for 10 min after addition of 
5 mM DTT. After cooling down to RT for 3 min, 
reduced cysteine residues were alkylated by 
incubating in 30mM iodoacetamide (Sigma, 
A3221) in the dark at RT for 30 min. Samples 
were then acidified with phosphoric acid at a 
final concentration of 1.2% and vortexed. Bind/ 
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wash buffer [100 mM tetraethylammonium bro- 
mide (TEAB) in 90% methanol] was then added 
to each sample (seven times the final volume 
after acidification). 150 ul of each sample were 
loaded onto micro S-trap columns and spun 
down at 4000 g for 20 s. Flow-through was 
discarded, and the centrifugation step was 
repeated until all the solution passed through 
the column. After three washes with 150 ul 
bind/wash buffer, trypsin (Promega, V5113) in 
50 mM TEAB solution was added to the S-trap 
at a 1:25 protease:protein ratio and incubated 
at 47°C for 90 min. After trypsinization, pep- 
tides were eluted from the S-trap with 40 ul 
50 mM TEAB, 40 ul 0.2% formic acid, and 40 ul 
50% acetonitrile and 0.2% formic acid by spinn- 
ing down at 1000 g for 60s for each elution 
step. All elution steps were collected in the 
same tube for a give sample and the total pep- 
tide mixtures were lyophilized. Peptides were 
resuspended in 0.2% formic acid, normalized to 
concentration using a Nanodrop Spectrophoto- 
merter (Thermo Fisher, absorbance at 205 nm), 
and analyzed by liquid chromatography- 
tandem mass spectrometry (LC-MS/MS). Before 
analysis, one microliter of each sample was 
taken and combined into a pooled sampled 
that was used to make the chromatogram lib- 
rary discussed below. 


LC-MS/MS data acquisition 


Proteomics data were acquired using a 
spectrum-library free data-independent acqui- 
sition (DIA) approach that relies on gas-phase 
fractionation (GPF) to generate DIA-only chro- 
matogram libraries (58, 59). Peptides were 
separated over a 25 cm Aurora Series Gen2 
reverse-phase LC column (75 um inner diam- 
eter packed with 1.6 um FSC C18 particles, 
Ion Opticks). The mobile phases (A: water 
with 0.2% formic acid; B: acetonitrile with 0.2% 
formic acid) were driven and controlled by a 
Dionex Ultimate 3000 RPLC nano system 
(Thermo Fisher). An integrated loading pump 
was used to load peptides onto a trap column 
(Acclaim PepMap 100 C18, 5 um particles, 
20 mm length, Thermo Fisher) at 5 ul/min, 
which was put in line with the analytical col- 
umn 5.5 min into the gradient. The gradient 
was held at 0% B for the first 6 min of the 
analysis, followed by an increase from 0% to 5% 
B from 6 to 6.5 min, and increase from 5 to 22% 
B from 6.5 to 66.5 min, an increase from 22% to 
90% from 66.5 to 71 min, isocratic flow at 90% 
B from 71 to 75 min, and re-equilibration at 0% 
B for 15 min for a total analysis time of 90 min 
per acquisition. Eluted peptides were analyzed 
on an Orbitrap Fusion Tribrid MS system (Ther- 
mo Fisher). Precursors were ionized was ionized 
with a spray voltage held at +2.2 kV relative to 
ground, the RF lens was set to 60%, and the 
inlet capillary temperature was held at 275°C. 

Six chromatogram library files were col- 
lected through six repeated injections of the 
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pooled sample only. The instrument was con- 
figured to acquire 4 m/z precursor isolation 
window DIA spectra using a staggered isola- 
tion window pattern (60) from narrow mass 
ranges using window placements optimized 
by Skyline. DIA MS/MS spectra were ac- 
quired with an AGC target of 400,000 charges, 
a maximum injection time of 54 ms, beam-type 
collisional dissociation (i.e., HCD) with a 
normalized collision energy of 33, and a reso- 
lution of 30,000 at 200 m/z using the Orbitrap 
as a mass analyzer. The six gas-phase fraction- 
ation chromatogram libraries were collected 
with nominal mass ranges of 400-500 m/z, 
500-600 m/z, 600-700 m/z, 700-800 m/z, 800- 
900 m/z, and 900-1000 m/z. The exact window- 
ing scheme was downloaded from https:// 
bitbucket.org/searleb/encyclopedia/wiki/ 

Home (58) and is available in the supple- 
mentary materials. Precursor MS1 spectra were 
interspersed every 25 scans with an AGC target 
of 400,000 charges, a maximum injection time 
of 55 ms, a resolution of 60,000 at 200 m/z 
using the Orbitrap as a mass analyzer, and a 
scan range of either 395-505 m/z, 495-605 m/z, 
595-705 m/z, 695-805 m/z, 795-905 m/z, or 
895-1005 m/z. For quantitative samples (.e., 
the non-pooled samples) the instrument was 
configured to acquire 25 x 16 m/z precursor 
isolation window DIA spectra covering 385- 
1015 m/z using a staggered isolation window 
pattern with window placements optimized 
by Skyline (windowing scheme downloaded 
from the same link as above and available in 
the supplementary materials). DIA spectra were 
acquired with the same MS/MS settings de- 
scribed above. Precursor MS1 spectra were 
interspersed every 38 scans with a scan range 
of 385-1015 m/z, an AGC target of 400,000 
charges, a maximum injection time of 55 ms, 
and a resolution of 60,000 at 200 m/z using 
the Orbitrap as a mass analyzer. The detailed 
parameters were recorded (file included in the 
supplementary materials). To ensure chromato- 
graphic conditions were consistent between 
library generation and quantitative sample 
acquisition, GPF library runs were acquired 
in the middle of the set of quantitative sam- 
ples described below, and the quantitative 
samples were collected in randomized order. 


Data analysis 


Staggered DIA spectra were demultiplexed 
from raw data into mzML files with 10 ppm 
accuracy using MSConvert (67) with settings 
described in Pino et al. (58). Encyclopedia 
(version 1.12.31) (59) was used to search de- 
multiplexed mzML files using an internal 
PECAN fasta search engine called Walnut (62) 
and a reviewed human proteome database 
(canonical sequences only) from Uniprot (63). 
Walnut settings were: fixed cysteine carbami- 
domethylation, full tryptic digestion with up 
to 2 missed cleavages, HCD (y-only) fragmenta- 
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tion, 10 ppm precursor and fragment mass 
tolerances, and 5 quantitative ions. The chro- 
matogram library resulting from the Walnut 
search was then used for Encyclopedia search- 
ing, where all analogous settings to the Walnut 
search remained the same, and other settings 
included a library mass tolerance of 10 ppm, 
inclusion of both b- and y-type fragment ions, 
and a minimum number of quantitative ions 
set at 3. Percolator (version 3.1) was used to 
filter peptides to a 1% false discovery rate 
(FDR) using the target/decoy approach and 
proteins to a 1% protein-level FDR assuming 
protein grouping parsimony. Resulting data 
from EncyclopeDIA were checked in Skyline 
(64) before further processing with Perseus 
(65), including filtering so that only proteins 
that were detected in all replicates of all three 
conditions were retained and significance cal- 
culations for comparisons of Gir and Gir-M6Pn 
treatments relative to control were performed 
using a two-tailed ¢ test with a permutation- 
based FDR with 250 randomizations, an FDR 
of 0.05, and an SO value of 1. 


Genome-wide CRISPR-Cas9 screen in 
UMRC2 cells 


UMRC2 cells were transduced with LentiArray 
Cas9 Lentivirus (Invitrogen A32064) and single- 
cell sorted to obtain stable UMRC2-Cas9 cells. 
A genome-wide, 10 sgRNA per gene CRISPR 
deletion library from the Bassik laboratory at 
Stanford University (29) was synthesized, cloned, 
and infected into Cas9-expressing UMRC2 
cells. Briefly, ~400 million UMRC2-Cas9 cells 
(4 million cells per 15-cm plate) were infected 
with the CRISPR KO library at a multiplicity of 
infection (MOD of 0.3 to 0.4. Cells expressing 
sgRNAs were selected for using puromycin 
(12 ug/ml) for 5 days. Selected cells were then 
plated for treatments in puromycin-free media. 

For the screen, cells were split into two con- 
ditions, each in duplicate: Ctx (10 nM) treated 
group and Ctx-M6Pn (10 nM) treated group. 
For each replicate and condition, 100 million 
cells were plated and treated with Ctx or Ctx- 
Mé6Pn for 48 hours. Cells were washed with 
PBS and harvested (~200 million cells per 
replicate). Cells were resuspended in FACS 
buffer (0.5% BSA + 2 mM EDTA in PBS) then 
split into 15 ml falcon tubes with maximum 
10 ml per tube (4 million cells/ml). Pierce 
Protein A Dynabeads were added to the cells 
(15 ul per 2 million cells) and incubated with 
rotation at 4°C for 30 min. After incubation, 
the tubes were placed on a magnetic rack for 
2 min. The unbound supernatant was trans- 
ferred to a new tube (unbound fraction), placed 
on the magnetic rack again for 2 min to remove 
any remaining beads, and the supernatant 
was pelleted and saved. The beads were 
washed twice with FACS buffer, and the re- 
maining beads were saved and frozen as the 
bound fraction. 
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Genomic DNA of each condition was ex- 
tracted using Qiagen DNA Blood Maxi kit 
(catalog no. 51194). The sgRNA sequences 
were amplified and prepared for sequencing 
as previously described (29). These libraries 
were then sequenced using an Illumina NextSeq 
with ~40 million reads per condition. Analysis 
and comparison of guide composition of Ctx- 
Mé6Pn treated versus Ctx treated conditions 
were performed using casTLE as previously 
described (30). 


Generation and analysis of knockout cell lines 


For all genes except CUL3 and SNX3, UMRC2 
cells were nucleofected with a Lonza 4D- 
Nucleofector Unit using the Lonza SE Cell Line 
4D-Nucleofector Kit. ssRNAs and spCas9 were 
obtained from Synthego’s Gene Knockout Kit 
v2, and nucleofection was carried out using 
manufacturer’s protocol. For CUL3 or SNX3, 


sgRNA targeting the gene was cloned intothe ” 


lentiCRISPR v2 vector (Addgene, no. 52961) 
and lentivirus was generated in HEK293T 
cells and transduced into UMRC2 cells. Cells 
were subsequently selected with puromycin 
(12 ug/ml) for two passages. 

DNA was extracted using QuickExtract DNA 
Extraction Solution (Epicentre, catalog no. 
QE09050) and polymerase chain reaction (PCR) 
amplification was performed according to 
Synthego’s “Genotyping” protocol. Knockout 
analysis was performed using Synthego’s 
online tool, Inference of CRISPR Edits (ICE), 
according to the manufacturer’s protocol. 

sgRNA CUL3: GAATGATCATCAAACAGCTA 

sgRNA UBA3: ACGUUUCUCACUUCA- 
GUGCU, GCUCGAGGAACUUCUUUVACA, 
GCAGAAUGGCUGUUGAUGGU 

sgRNA CAND1: GUGAUGAUGAUGACADU- 
GAGU, UGGAUGCUGUAGUUAGCACA, 
AGAGCGUGAAGAGAAUGUAA 

sgRNA VPS26A: UUAUUUCAGAGUUUU- 
CUUGG, UGAUGGGGAAACCAGGAAAA, 
CGGAGAAUCCGUUUCAGGAA 

sgRNA SNX3: GGGGTCCGTAGGCGTCATTC 

sgRNA ALG12: AGCGUAGCUCCUUGU- 
GUGGC, GACGCACGCGCCGACGGUGC, 
GCAGCCCAGGCCGCGGGGCA 

sgRNA GNPTAB: AGUGACAAUAGUAACA- 
CACC, AUGAAAAUAUUCCGAACCCA, 
UUGAAGAUAACGAAGAACUG 

sgRNA SQSTM1: UAUGGCGUCGCUCACC- 
GUGA, CUGCAGCCCCGAGCCUGAGG, 
CUGCGAGCGGCUGCUGAGCC 


Confocal microscopy for membrane protein 
degradation 


Adherent cells were plated (50,000 cells per 
well in an 8-well chamber slide) 1 day before 
the experiment. Cells were incubated with 
200 ul of complete growth media with 10 nM 
LYTAC or controls for indicated time. Cells 
were then washed with PBS and fixed with 
4% paraformaldehyde in PBS for 15 min at RT, 
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washed three times, and permeabilized with 
0.1% Triton for 5 min at RT. Cells were blocked 
in 10% goat serum in PBS for 1 hour at RT, and 
incubated with primary antibody overnight at 
4°C. Cells were washed with DPBS, then incu- 
bated with secondary antibody and DAPI for 
1 hour at RT. Cells were washed with DPBS 
and imaged with Nikon A1R confocal micro- 
scope using Plan Fluor 60x oil immersion 
1.30-numerical aperture objective. 405-nm vio- 
let laser, 488-nm blue laser, 561-nm green laser, 
and 639-nm red laser were used. Single focal 
plane images were captured and are repre- 
sented in figures. 


Neddylation inhibition of CUL3 


Adherent cells were plated (50,000 to 75,000 
cells per well in a 24-well plate) 1 day before the 
experiment. Cells were pretreated with 2 uM 
MLN4924 for 24 hours. On the following day, 
cells were treated with fresh 2 uM MLN4924 
and 10 nM Ctx or Ctx-M6Pn for another 24 hours. 
Cells were then harvested for immunoblot anal- 
ysis as mentioned above. 


Cell surface binding analysis by flow cytometry 


Cells were trypsinized, quenched with media, 
and transferred to a 96-well V-bottom plate. 
Cells were washed three times with PBS + 0.5% 
BSA + 5 mM EDTA (FACS buffer) and incu- 
bated with 50 nM Rabbit IgG-647 and 25 nM 
goat anti-rabbit or goat anti-rabbit-M6Pn for 
30 min on ice. Cells were washed three times 
with PBS + 0.5% BSA + 5 mM EDTA (FACS 
buffer) and incubated with Sytox Green. Flow 
cytometry was performed on either a BD LSR 
II or MACSQuant Analyzer 10 Flow Cytometer, 
and FlowJo software was used to gate on single 
cells and live cells for analysis. 


CUL3-IP proteomics 


UMRC2 cells were plated 1 day before the 
experiment (375,000 cells per well in a 6-well 
plate, 3 wells were used per condition per 
replicate). Cells were pretreated with 2 uM 
MLN4924 for 24 hours. On the following day, 
cells were treated with fresh 2 uM MLN4924 
and 10 nM Ctx or Ctx-M6Pn for another 24 hours. 
Cells were then washed with PBS three times 
and lysed with RIPA buffer supplemented with 
protease inhibitor cocktail (Roche), 0.1% Benzo- 
nase (Millipore-Sigma), and PhosStop (Roche) 
on ice for 30 min (100 ul of lysis buffer per 
1 well of 6-well plate). Lysates were spun down 
at 21,000 g for 15 min at 4°C. The supernatant 
was collected and the protein concentration 
was determined by BCA assay (Pierce). Pierce 
Protein A Dynabeads were precomplexed 
with rabbit anti-CUL3 antibody (Novus) (4 pl 
of antibody in 40 ul of Dynabeads per sample) 
for 2 hours rotating at RT. Equal amounts of 
lysates were incubated with antibody-bead 
complex rotating at 4°C overnight. The next 
day, the beads were washed three times with 
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RIPA lysis buffer and eluted by boiling at 95°C 
for 10 min with 5% SDS with 20 mM DTT. The 
quantitative proteomics workflow for CUL3-IP 
proteomics was similar to the methods used 
to investigate CA9 degradation as described 
above. Samples were digested with trypsin 
using the micro S-trap protocol, peptide abun- 
dance was measured with a Nanodrop Spectro- 
photomerter (absorbance at 205 nm), and one 
microliter of each sample combined into a 
pooled sample that was used to make a chro- 
matogram library for CUL3-IP samples. The 
same DIA approach and LC-MS/MS data ac- 
quisition strategy was used as described above. 
Data analysis was similar, but instead of 
EncyclopeDIA, demultiplexed mzML files were 
processed with FragPipe using the MSFragger- 
DIA and DIA-NN (66, 67) for quantitative analy- 
sis with default settings. Data were further 
processed with Perseus as described above: 
protein intensity values were log, transformed 
before further analysis, proteins with mea- 
sured values for all three replicates with at 
least one condition were retained, and miss- 
ing values were imputed from a normal dis- 
tribution with a width of 0.3 and a downshift 
value of 2.5. Significance calculations for pair- 
wise comparisons were performed using a 
two-tailed ¢ test with a permutation-based 
FDR with 250 randomizations, an FDR of 0.05, 
and an SO value of 1. 


Ubiquitin-enrichment proteomics 
Sample preparation 


UMRC2 cells were plated 1 day before the ex- 
periment (15-cm plate). The cells were treated 
with 10 nM Ctx or Ctx-M6Pn for 48 hours. 
Cells were then washed with PBS three times 
and lysed with RIPA buffer supplemented 
with protease inhibitor cocktail (Roche), 0.1% 
Benzonase (Millipore-Sigma), and PhosStop 
(Roche) on ice for 30 min (100 ul of lysis buffer 
per 1 well of 6-well plate). Lysates were spun 
down at 21,000 g for 15 min at 4°C. The 
supernatant was collected, and the protein con- 
centration was determined by BCA assay 
(Pierce). 

Samples were processed with an S-trap pro- 
tocol as described above, except modified for 
the midi columns to digest 5 mg of lysate (as 
measured by BCA) per condition. After diges- 
tion, 10 ug of peptides were kept for quantita- 
tive proteomics with DIA methods described 
above, whereas the rest of the peptides were 
processed for ubiquitin site profiling with 
TMT labeling using methods adapted from 
previous work (68-70). The PTM-Scan ubiqui- 
tin remnant motif (K-e-GG) kit (Cell Signaling 
Technology, kit no. 5562) was used to enrich 
for the ubiquitin remnant motif. For all steps 
in the enrichment of K-e-GG peptides except 
peptide elution, microcentrifuge tubes con- 
taining the sample and the antibody beads are 
kept on ice when not spinning. First, antibody- 
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bound beads were washed three times with 
100 mM sodium borate (pH 9.0) and incu- 
bated with 20 mM DMP for 60 min at RT. Beads 
were washed twice with 200 mM ethanolamine 
and incubated overnight at 4°C with 200 mM 
ethanolamine. After this incubation, beads were 
washed three times with immunoprecipitation 
(IAP) buffer (560 mM MOPS, pH 77.2, 10 mM so- 
dium phosphate, 50 mM NaCl). For each enrich- 
ment, 156 ug of crosslinked anti-K-¢-GG antibody 
beads was used. Peptides from each sample 
were resuspended in 1mL of ice-cold IAP 
buffer and vortexed. The pH of each sample 
was checked by spotting ~1 uL of solution on pH 
paper to ensure the pH was ~7. Peptide samples 
were then centrifuged at 20,000 g for 5 min to 
remove any insoluble material. Peptides were 
added to a tube of aliquoted antibody and 
incubated for 2 hours at 4°C, with gentle end- 
over-end rotation. After incubation, all samples 


were centrifuged at 2000 g for 1min and then ~ 


antibody beads were allowed to settle by letting 
tubes sit for ~10 to 20 s on ice. The supernatant 
dP flowthrough) was removed. This IP flow- 
through was immediately transferred to another 
aliquot of crosslinked anti-K-e-GG antibody 
beads for a second enrichment, repeated as 
described above, meaning each lysate was im- 
munoprecipitated twice. During the 2-hour 
incubation of the second IP, antibody beads 
from the first IP were washed with all washes 
completed as quickly as possible. For washing 
the beads, after the addition of the wash rea- 
gent, the tubes were inverted about five times, 
centrifuged for 30 s at 2000 g, allowed to sit 
for 10 to 20s to let the beads settle, and the 
supernatant was removed. Immediately after 
removal of the IP flowthrough, two washes with 
1mL ice cold IAP buffer were followed by three 
washes with 1 mL ice-cold PBS. DiGly peptides 
were eluted twice with 50 uL 0.15% TFA, by first 
gently tapping the tube after addition of TFA 
and letting them set at RT for 5 min. Beads with 
TFA were then centrifuged at 2000 g for 1 min, 
beads were allowed to settle for 10 s, and 
supernatants containing the eluted peptides 
were removed and pooled. This washing and 
elution process was repeated for the second 
IP, and elutions from the first and second IP 
were combined before desalting with Strata-X 
reversed phase cartridges and drying with 
vacuum centrifugation. After enrichment, 
diGly peptides were labeled with TMTpro 
16-plexkit (71) according to manufacturer’s 
instructions (Thermo Fisher Scientific). TMT 
reagents were equilibrated to RT and resus- 
pended in 20 pL anhydrous ACN. DiGly pep- 
tides were resuspended in 20 nL 100 mM 
TEAB and combined with appropriate TMT 
labels for a 1-hour incubation at RT. After this, 
5 wL of 5% hydroxylamine was added to each 
sample with a 15-min incubation at RT. TMT- 
labeled samples were then combined and 
dried with vacuum centrifugation. Combined 
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samples were then fractionated with a high 
PH reversed phase spin column kit according 
to manufacturer’s instructions (Thermo Fisher 
Scientific) with slight modifications. Six frac- 
tions were collected with elution buffers con- 
taining 17.5%, 20%, 22.5%, 25%, 30%, and 70% 
ACN, respectively, made with 0.1% triethylamine 
as the aqueous fraction. Spin columns were 
washed once with 300 nL ACN and twice with 
0.1% TFA by spinning at 5000 g for 2 min. 
TMT-labeled diGly peptides were resuspended 
in 0.1% TFA and added to the column with 
centrifugation for 2 min. The columns were 
then washed with 300 uL 5% ACN in 0.1% 
TFA and 300 uL water before collecting six 
fractions using the elution buffers with in- 
creasing ACN percentage described above. 
Fractions were dried with vacuum centrifuga- 
tion and resuspended in 0.2% formic acid for 
LC-MS/MS analysis. TMT labeling conditions 
are included in table S2. 


LC-MS/MS data acquisition 


Nonlabeled, nonenriched peptides from these 
samples were processed with the same DIA 
methods described above. TMT-labeled diGly 
peptides were separated over a 25 cm Aurora 
Series Gen2 reverse-phase LC column (75 um 
inner diameter packed with 1.6 um FSC C18 
particles, Ion Opticks). The mobile phases 
(A: water with 0.2% formic acid; B: acetoni- 
trile with 0.2% formic acid) were driven and 
controlled by a Dionex Ultimate 3000 RPLC 
nano system (Thermo Fisher). An integrated 
loading pump was used to load peptides 
onto a trap column (Acclaim PepMap 100 
C18, 5 um particles, 20 mm length, Thermo 
Fisher) at 5 l/min, which was put in line with 
the analytical column 5.5 min into the gradient. 
The gradient was held at 0% B for the first 6 min 
of the analysis, followed by an increase from 0% 
to 5% B from 6 to 6.5 min, and increase from 5 to 
25% B from 6.5 to 200 min, an increase from 
25% to 90% from 200 to 218 min, isocratic 
flow at 90% B from 218 to 224 min, and re- 
equilibration at 0% B for 16 min for a total 
analysis time of 240 min per acquisition. 
Eluted peptides were analyzed on an Orbitrap 
Fusion Tribrid MS system (Thermo Fisher). 
Precursors were ionized was ionized with a 
spray voltage held at +2.2 kV relative to ground, 
the RF lens was set to 60%, and the inlet 
capillary temperature was held at 275°C. Survey 
scans of peptide precursors were collected in 
the Orbitrap from 400 to 1600 Th with an AGC 
target of 400,000, a maximum injection time 
of 50 ms, and a resolution of 120,000 at 200 m/z. 
Monoisotopic precursor selection was enabled 
for peptide isotopic distributions, precursors 
of z = 2 to 6 were selected for data-dependent 
MS/MS scans for 3 s of cycle time, and dynam- 
ic exclusion was set to 120 s with a +10 ppm 
window set around the precursor monoisotope. 
An isolation window of 0.7 m/z was used to 
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select precursor ions with the quadrupole, and 
peptides were analyzed using a synchronous 
precursor selection (SPS) MS3 method (72). Pre- 
cursors were fragmented by CID at a normalized 
collision energy (NCE) of 35%. After acquisition 
of each MS2 spectrum, an SPS-MS3 scan was 
collected on the top 10 most intense ions in the 
MS2 spectrum. SPS-MS3 precursors were frag- 
mented by high-energy collision-induced disso- 
ciation (HCD) and analyzed using the Orbitrap 
(NCE = 50%, AGC = 100,000, maximum injec- 
tion time = 118 ms, and resolution = 60K). 


Data analysis 


Whole proteome DIA samples were analyzed 
as described above. Data from the TMT diGly 
peptides were searched using searched with 
the Andromeda search engine in MaxQuant 
(73, 74) using the entire human proteome 
downloaded from Uniprot9 (reviewed, 20,428 
entries). Quantitation settings for “Reporter 
ion MS3” with TMT-16plex reporter ion masses 
were used with a reporter ion mass tolerance 
set to 0.003. Cleavage specificity was set to 
Trypsin/P with 3 missed cleavages, and varia- 
ble modifications included the diGly residue 
on lysine, oxidation of methionine, and acetyla- 
tion of the protein N terminus with five maxi- 
mum modifications per peptide. Defaults were 
used for the remaining settings, including 
PSM and protein FDR thresholds of 0.01 and 
20 ppm, 4.5 ppm, and 0.5 Da for first search 
MSI tolerance, main search MS1 tolerance, 
and MS2 product ion tolerance, respectively. 
Quantified diGly sites were then processed 
in Perseus. Contaminants and reverse hits 
were removed, results were filtered for diGly 
that had localization probabilities > 0.75, and 
signal in all relevant TMT channels was re- 
quired. Significance testing was performed using 
a two-tailed ¢ test with 250 randomizations and 
an FDR of 0.05. 


Quantitative cell surface proteomics 


UMRC2 WT cells or GNPTAB-deficient cells 
were plated in triplicate in 15-cm plates 
(10 million cells each) 1 day before the experi- 
ment. Cells were washed with cold PBS and 
incubated in PBS (no biotin control) or 1 mg/ml 
solution of NHS-sulfo-biotin in PBS with gentle 
rocking for 30 min at 4°C. Biotin labeling was 
quenched with 100 mM Tris-HCl, and the cells 
were washed three times with cold PBS. Cells 
were scraped using cold PBS and were pelleted 
and lysed with RIPA buffer supplemented with 
protease inhibitor cocktail (Roche), 0.1% Benzo- 
nase (Millipore-Sigma), and phosphatase inhibi- 
tor cocktail (Cell Signaling Technologies) on 
ice for 30 min. Cells were then clarified by 
centrifugation at 21,000 g for 15 min at 4°C. 
The supernatant was collected, and the protein 
concentration was determined by BCA assay 
(Pierce). Equal amounts of lysates were then 
incubated with 500 ul of Streptavidin Dyna- 
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beads (Pierce) and rotated overnight at 4°C. 
For enrichment, the beads were pelleted using 
a magnetic rack and the supernatant was 
discarded. Beads were washed twice with cold 
RIPA lysis buffer, once with 1M KCl, once with 
0.1M sodium bicarbonate, once with 2M urea 
in 10 mM Tris-HCl pH 8.0, then twice with 
RIPA lysis buffer. Biotinylated proteins were 
eluted from the beads by boiling each sam- 
ple in 5% SDS supplemented with 2 mM 
biotin and 20 mM DTT for 10 min. The beads 
were pelleted, and the eluates were collected 
and processed using the same S-trap proto- 
col and DIA methods described above. For 
quantitative comparisons of cell surface pro- 
tein difference, protein intensity values were 
logs transformed before further analysis in 
Perseus, proteins with measured values for 
all three replicates with at least one condi- 
tion were retained, and missing values were 


imputed from a normal distribution with a * 


width of 0.3 and a downshift value of 1.8. 
Significance calculations for pairwise com- 
parisons were performed using a two-tailed 
t test with a permutation-based FDR with 
250 randomizations, an FDR of 0.05, and an 
SO value of 1. GO keywords and cellular com- 
ponent terms were used to annotate proteins 
as lysosomal and cell surface. 


Figure illustration 


Parts of Fig. 1 and Fig. 6 were modified from 
Servier Medical Art, licensed under a Creative 
Common Attribution 3.0 Generic License. 
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STRATOSPHERIC OZONE 


Rapid ozone depletion after humidification 
of the stratosphere by the Hunga Tonga Eruption 


Stephanie Evan*, Jerome Brioude, Karen H. Rosenlof, Ru-Shan Gao, Robert W. Portmann, Yunqian Zhu, 
Rainer Volkamer, Christopher F. Lee, Jean-Marc Metzger, Kevin Lamy, Paul Walter, Sergio L. Alvarez, 
James H. Flynn, Elizabeth Asher, Michael Todt, Sean M. Davis, Troy Thornberry, Holger Vomel, 

Frank G. Wienhold, Ryan M. Stauffer, Luis Millan, Michelle L. Santee, Lucien Froidevaux, William G. Read 


INTRODUCTION: The Hunga Tonga-Hunga 
Ha’apai (HT) underwater volcanic eruption of 
15 January 2022 was exceptional in that it in- 
jected more water (H.O) vapor than has ever 
been observed in the satellite era. A rapid 
response was initiated that provided the data 
needed to explore the early chemical effects 
of this rare event. Volcanic eruptions inject 
gases and particles into the stratosphere, 
potentially influencing climate and ozone 
(O3) chemistry. Understanding the intricate 
connections between volcanic emissions and 
atmospheric chemistry and their broader im- 
plications is vital for advancing our capabili- 
ties of modeling environmental processes. 


RATIONALE: Our research provides new insights 
into the initial effects of the HT eruption on 
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stratospheric composition. This eruption was 
notable for injecting material, including an 
unprecedented amount of H,O vapor (10% of 
the total global mean stratospheric burden), to 
very high altitudes (up to 55 km). Using obser- 
vational data, we investigated the speed of 
impacts and potential influence on strato- 
spheric bromine and chlorine species, nitrogen 
oxide (NO), as well as Os. 


RESULTS: Our study combined balloon mea- 
surements, zenith sky observations, and satel- 
lite data to capture the early evolution of the 
HT volcanic plume’s impact on O3. In just 
1 week, the stratospheric O3 above the tropi- 
cal southwestern Pacific and Indian Ocean 
region decreased by 5%. This change gains 
context when compared with the Antarctic 
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Eruption-triggered rapid O03 depletion. After the HT eruption, a balloon campaign took place at Réunion 
Island (left picture). Plume dynamics showcase the volcanic injection of H20 vapor, sulfur dioxide (SQz), and 
HCl, prompting rapid chlorine activation on hydrated volcanic aerosol and O3 depletion in the stratosphere. 
The 22 January 2022 03 profile (black line) contrasts with Réunion’s climatology (red line), displaying a 


notable decline. 
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Os hole, where up to 60% of the Os; is depl chee 
from September to November. This trop---— 
Oz decrease exceeds that of previous erup- 
tions, underscoring the HT event’s exceptional 
nature. 

H,O vapor played a pivotal role in con- 
sequences of the HT event. Its increased abun- 
dance resulted in higher relative humidity and 
radiative cooling in the stratosphere, enabling 
chemical reactions on the surfaces of volcanic 
aerosols to occur at temperatures warmer 
than their typical range. These chemical pro- 
cesses on hydrated volcanic aerosols led to the 
formation of active chlorine species such as 
chlorine monoxide (ClO) from inactive chlorine 
(hydrogen chloride, HCl). Combined with a 
decrease in nitrogen oxides (NOx), these active 
chlorine species catalytically destroyed Os 
molecules. The decrease in hydrogen chloride 
(HCl) by 0.4 parts per billion by volume (ppbv) 
and the increase in ClO by 0.4 ppbv provided ” 
compelling evidence for chlorine activation, 
leading to rapid O, destruction within this 
volcanic plume. 

The experimental data reveal the processes 
behind the observed O3 depletion, unveiling 
the intricate interplay between this volcano’s , 
emissions and perturbed stratospheric che- 
mistry. Enhanced humidity, radiative cool- 
ing, and expanded aerosol surface area in 
the plume created ideal conditions forrapid . 
chlorine activation on hydrated volcanic aero- 
sols at warm temperatures and subsequent 
O, depletion. 


CONCLUSION: Our study sheds light on the 
complex interactions between a large volcanic 
eruption and tropical stratospheric Os, bridg- 
ing a large gap in our knowledge. The HT 
eruption’s unusual features, notably its high 
injection altitude of aerosol precursors and : 
large amounts of H,O vapor, yield invaluable j 
insights into stratospheric chemistry pertur- 
bations after this major event. 

Beyond its volcanic relevance, our research 
offers crucial insights into atmospheric chem- 
istry and its implications for climate change. 
The comprehensive observational evidence that 
we present substantially advances our under- 
standing of rapid O; depletion in certain vol- 
canic plumes. Our study also provides new 
perspectives on the effects of volcanic eruptions 
on stratospheric composition and informs fu- | 
ture studies and early-response strategies to 
assess their aftermath. m 


The list of author affiliations is available in the full article online. 


*Corresponding author. Email: stephanie.evan@univ-reunion.fr 
Cite this article as S. Evan et al., Science 382, eadg2551 H 
(2023). DOI: 10.1126/science.adg2551 


S READ THE FULL ARTICLE AT 
https://doi.org/10.1126/science.adg2551 


lof1 


RESEARCH 


RESEARCH ARTICLE 


STRATOSPHERIC OZONE 


Rapid ozone depletion after humidification 
of the stratosphere by the Hunga Tonga Eruption 
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The eruption of the Hunga Tonga—Hunga Ha’apai volcano on 15 January 2022 offered a good opportunity 
to explore the early impacts of tropical volcanic eruptions on stratospheric composition. Balloon-borne 
observations near Réunion Island revealed the unprecedented amount of water vapor injected by the 
volcano. The enhanced stratospheric humidity, radiative cooling, and expanded aerosol surface area 

in the volcanic plume created the ideal conditions for swift ozone depletion of 5% in the tropical 
stratosphere in just 1 week. The decrease in hydrogen chloride by 0.4 parts per million by volume (ppbv) 
and the increase in chlorine monoxide by 0.4 ppbv provided compelling evidence for chlorine activation 
within the volcanic plume. This study enhances our understanding of the effect of this unusual 
volcanic eruption on stratospheric chemistry and provides insights into possible chemistry changes 


that may occur in a changing climate. 


arge, explosive volcanic eruptions can 
affect the climate by injecting gases such 
as sulfur dioxide (SO.), water vapor (H,0), 
and carbon dioxide (CO2) and halogen 
compounds such as hydrochloric acid 
(HCl) and hydrobromic acid (HBr) into the 
stratosphere. Typically, sulfate aerosols form 
from sulfur dioxide (SO) on a timescale of 
1 month (J). These aerosols cool the surface by 
reflecting some incoming solar radiation and 
warm the stratosphere through the absorp- 
tion of long-wave radiation. Sulfate aerosol heat- 
ing can alter stratospheric transport, affecting 
the distribution of stratospheric species (1). The 
increase in the aerosol burden also enhances 
aerosol surface area density, increasing the rate 
of heterogeneous chemical reactions that play a 
role in stratospheric ozone (O3) chemistry. 
Previous volcanic eruptions had a noticeable 
impact on stratospheric O3; examples include 
El Chichon in 1982 (2, 3) and Mt. Pinatubo in 
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1991 (4, 5). After the eruption of Mt. Pinatubo, 
the total O3 column was reduced by ~6% in 
northern polar and midlatitude regions (6). 
The O3 was destroyed by chemical reactions 
on volcanic aerosols transported to high lati- 
tudes, which provided additional reactive sur- 
face area for the same heterogeneous chemical 
reactions that cause polar Og loss each year. 
In the tropics, a 6% decrease in total O3 was 
observed in satellite and ozonesonde data 
(7). It was confined between 24 and 28 km in 
altitude and started 1 month after the erup- 
tion, consistent with the time needed for SO, 
to be converted to sulfate aerosols (8). 

To assess the atmospheric impacts of vol- 
canic eruptions, in situ observations of H,O 
vapor, aerosol size and concentration, trace 
gases (e.g., O; and chlorinated species), and 
meteorological conditions (e.g., temperature 
and winds) after the eruptions are important 
(9). Major eruptions that cause large pertur- 
bations to the aerosol loading and O3 chem- 
istry of the stratosphere occur sporadically, 
so the opportunity to make in situ measure- 
ments in these plumes is rare. 

The Hunga Tonga-Hunga Ha'apai submarine 
volcano (hereafter HT) in the tropical South 
Pacific (20.55°S, 175.38°W) was the largest vol- 
canic eruption in the past 30 years. The mas- 
sive eruption on 15 January 2022 sent material 
as high as 50 to 55 km, the greatest height ever 
seen by satellites for a volcanic plume (JO, 11). 
Satellite measurements indicated that the HT 
volcano injected into the stratosphere a rela- 
tively small amount of SO,, 0.4 Tg (17), com- 
pared with 10 to 20 Tg from Mt. Pinatubo 
(12, 13). However, unlike past eruptions, it 
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injected a massive amount of H,O [~150 Tg, or 
10% of the total global mean stratospheric 
burden (/7)]. The large amount of injected 
H,O was confirmed by radiosonde in situ 
measurements (/4). 

Less than 1 week after the eruption, a rapid 
response balloon campaign took place at the 
Maido Observatory (MO) in Réunion Island 
(21°S, 55°E) (15). Because of zonal easterly 
winds in the stratosphere (20 to 50 km), 
Réunion Island was ideally located downwind 
of the plume. From 20 to 24 January 2022, 
multiple meteorological balloons carrying aero- 
sol, H2O, SOs, and Og instruments were 
launched each night to provide key measure- 
ments of the volcanic plume’s composition 
(see the materials and methods). A field cam- 
paign resulting in volcanic plume measurements 
in the stratosphere by in situ instruments has 
never occurred this quickly after an eruption; 
as a comparison, a rapid response balloon cam- 
paign was deployed to Hawaii within 15 days 
of the 2018 Kilauea eruption (9). Herein, we 
present unprecedented observations corrobo- 
rating the occurrence of fast chemical deple- 
tion of Os inside the volcanic plume in the week 
after the HT eruption. The extremely high 
H,O vapor values accelerated the oxidation 
of SO, to sulfate aerosols, with much of the 
conversion in the densest parts of the plume 
occurring within a few days after the eruption 
(16), thus facilitating heterogeneous chemical 
Os loss. Additionally, as noted by Anderson et al. 
(17), high stratospheric H,O vapor can change 
the catalytic chlorine free radical chemistry by 
shifting total available inorganic chlorine (prin- 
cipally HCl and chlorine nitrate, CIONO,) into 
the catalytically free-radical form, ClO, poten- 
tially increasing O3 loss. Both rapid aerosol 
conversion and additional O3 loss appeared very 
rapidly for the HT eruption. The high vertical 
resolution in situ measurements were critical 
for observing this loss, which is not easily ap- 
parent in the satellite O; observations, which 
smear features in the vertical. 


Results 
Balloon-borne profiles of O03 and H20 vapor 


Figure 1 shows the balloon-borne profiles 
of O; and HO at MO for the period 20 to 
24 January 2022. It took 6 days for the vol- 
canic plume to reach Réunion at an ~30-km 
altitude. Balloon measurements 5 days after 
the eruption indicate typical stratospheric 
background values of H,O (4.5 ppmv), an 
unperturbed Junge layer backscatter signal, 
and a peak in Os partial pressure of 15 mPa at 
25 km. At Réunion, the highest observed H,O 
mixing ratio of 356 ppmv at 27 km, 21 Coor- 
dinated Universal Time (UTC), was reported on 
22 January 2022. Larger values near 1000 ppmv 
were seen in radiosonde measurements closer to 
the eruption by Vémel et al. (14). The observed 
progression of descending altitude with time in 
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Fig. 1. Soundings of O3 and H20 vapor 1 week after the eruption. Profiles of O3 partial pressure (black) and H20 vapor mixing ratio (blue) measured at MO. 
on Réunion Island over the period 20 to 24 January 2022. SHADOZ climatological 03 partial pressure for January for Réunion Island is indicated by the red dashed line. 
The red shaded area shows values +1 SD above and below the mean. 


the peak of the H,O plume in Fig. 1 can be 
explained by the vertical sheer in easterly 
zonal winds. The easterly zonal winds linearly 
decreased from 30 ms‘ at 30kmto20ms 7 
at 20 km, causing the plume to travel ~18° in 
longitude per day (11, 14). 

The largest O3 decrease was observed on 21 
and 22 January at 25 to 29 km. The decrease 
amounted to a loss of 10 to 45% relative to Oz 
climatology from 1998 to present (see the 
materials and methods). The presence of SO, 
inside the volcanic plume could affect the 
performance of electrochemical concentration 
cell (ECC) ozonesondes by decreasing the sen- 
sor signal, resulting in artificially low Os 
measurements. During the experiment, SO, 
instruments (J8) were launched in tandem 
with ECC ozonesondes on three flights (see 
the materials and methods). Overall, the data 
indicate that SO, interference contributes to 
only a small negative bias of 3 to 4% in the Os 
decrease observed at >25 km in the week after 
the eruption (see the materials and methods). 


Satellite measurements of gas-phase 
constituents 


Satellite measurements of stratospheric gas 
profiles from the Aura Microwave Limb Sounder 
(MLS), in operation since 2004 (19), were also 
used to diagnose the possible mechanisms of 
Oz decrease after the eruption. Because MLS 
measures microwave thermal emission from 
the Earth’s limb, its retrievals are largely un- 
affected by the presence of volcanic aerosols 
that strongly impair visible, ultraviolet, and 
infrared measurements. MLS observed the 
massive H,O perturbation, as well as anoma- 
lous values of several trace gases injected into 
the stratosphere by HT, such as SO2 and HCl 
(11). Large H,O values >100 SDs (6) above 
background levels were observed in the week 
after the eruption at between 20 and 30 km, 
with a maximum value as high as 350 ppmv 
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at 30 km on 16 January 2022. As shown in 
Fig. 2, MLS measurements of O3, HCl, and ClO 
radicals inside the volcanic plume were identi- 
fied by selecting data points with H,O vapor 
mixing ratios >10 ppmv between 100 and 10 hPa 
(see the materials and methods). Then, for each 
data point, the climatological average profile 
for the month of January from 1998 to 2021 
was computed by using MLS profiles in a 5° x 5° 
box region around the point (see the materials 
and methods). MLS O; mixing ratios inside 
the volcanic plume decreased at 18 to 21 hPa 
(~27 to 28 km) in the week after the HT eruption, 
from an average value of 6.3 ppmv on 16 January 
2022 to a minimum value of 4.6 ppmv on 
20 January 2022 (near 18°S, 88°E) at 21 hPa, 
which is 27% below climatological values. 


Sensitivity of 03 decrease to H20 conditions 


We computed average O3 anomaly and SE pro- 
files inside the plume for the period 16 to 
24 January 2022 for two H.O thresholds, 
10 and 100 ppmv, to assess the sensitivity of 
stratospheric Og decrease to H2O conditions 
(Fig. 2C). The decrease in MLS Og was more 
pronounced for higher H,O mixing ratios, 
and the largest average Os; drop of 0.4 ppmv 
(SE of 0.04 ppmv) at 28 km was observed for 
profiles with H,O mixing ratios >100 ppmv. 
Thirty percent of the 190 O3 profiles selected 
using the 100 ppmv H,O mixing ratio thresh- 
old showed O; dropping below 0.5 ppmv. This 
change is larger than the typical range of 
variability established by MLS Og measure- 
ments for the month of January from 2005 
to 2021 period (SD = 0.25 ppmv) or the 2-0 
uncertainty of individual MLS O, data points 
(0.1 ppmyv) (20). 

The average O3 decrease in the ozonesonde 
profiles was 0.6 ppmv (SE = 0.25 ppmv) near 
27 to 29 km, and the strongest decrease was 
observed during the night of 22 January 2022, 
when H,O vapor mixing ratios were the high- 
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est. Thus, the large quantity of H,O vapor 
injected by the HT volcano appears to have 
played a key role in the stratospheric O; decrease 
observed by both ozonesondes and MLS. 


Discussion 
Comparing the HT eruption with that 
of Mt. Pinatubo 


The June 1991 Mt. Pinatubo eruption had a 
substantial impact on the tropical O3 column, 
resulting in a reduction of 13 to 20 Dobson 
units (DU) within 3 to 6 months (7, 8). This O3 
decrease is comparable to the 18.3 DU loss 
observed in the 22 January 2022 Os profile, 
but the latter occurred much more rapidly after 
the HT eruption, indicating the involvement 
of different mechanisms. The observed low O3 
levels in the tropics after the Mt. Pinatubo erup- 
tion were likely caused by increased trop- 
ical upwelling due to the heating of volcanic 
aerosols, facilitating the vertical transport of 
O;-depleted air from the troposphere to the 
stratosphere (4). However, the magnitude of 
Oz decrease observed after the HT eruption 
cannot be attributed to lofting, because the 
radiative cooling effect of the injected H,O 
into the stratosphere offset the heating caused 
by volcanic aerosols (21). 


Understanding O03 changes in the 
tropical stratosphere 


A volcanic plume ascending into the strato- 
sphere can incorporate O;-poor tropospheric 
air and lead to a localized reduction in column 
Os. This effect would have been most promi- 
nent in the initial observations of the plume 
by MLS on 16 January 2022, and over time, the 
dilution of the volcanic plume would have 
diminished this apparent loss. However, the 
minimum O; levels were observed at 27 to 28 km 
altitude 5 days after the eruption, indicating 
that chemistry played a more prominent role 


in the observed O; changes. 
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Fig. 2. MLS satellite measurements inside the volcanic plume. (A to ©) MLS 
maps of O3 (A), HCI (B), and ClO (C) at 27 km for the period 16 to 24 January 
2022. The locations of HT and MO are indicated by green stars. Colored circles 
correspond to individual satellite profiles. (D) MLS anomaly profiles (see the 
materials and methods) of O3 (in ppmv; red), HCI (in ppbv; orange), and ClO 
(in ppbv; blue and purple) inside the volcanic plume averaged over the period 
6 to 24 January 2022. Anomalies were computed for MLS measurements 
inside the plume using a H20 vapor threshold of 10 ppmv. (E) Same as (D) for 
but HzO mixing ratios exceeding 100 ppmv. The red shaded area in (D) and 


The O; depletion within the HT volcanic 
plume exceeded rates observed in previous 
major eruptions such as El] Chichén and 
Mt. Pinatubo. Less than 1 week after the 
HT eruption, Os; decreased by 0.5 ppmv (.e., 
~0.07 ppmv per day) between 25 and 29 km 
altitude. The largest seasonal stratospheric 
O; depletion occurs in the polar regions, 
specifically over the Arctic and Antarctica (22). 
Over the winter months (January to April) in 
the Arctic, O3 depletion estimates range from 
0.2 to 1.9 ppmv, whereas in Antarctica during 
the corresponding season, O3 loss estimates 
range from 2.3 to 3 ppmv (23). These Og loss 
estimates are much larger than the one 
observed after the HT eruption, although polar 
Os; depletion spanned a longer period of 3 to 
4 months. During the formation of the Antarctic 
Os; hole, stratospheric O3 is destroyed at a 
maximum rate of 0.08 ppmv per day (24), 
which is comparable to the rate of 0.07 ppmv 


Evan et al., Science 382, eadg2551 (2023) 


100E 140E 180E 


-0.6 


-0.3 


0.0 0.3 0.6 


Anomalies (ppmv or ppbv) 


were computed for daytim 
measurements. 


per day observed after the HT eruption. Al- 
though the comparison involves processes 
occurring in different regions, it provides 
valuable context to underscore the substan- 
tial and swift O3 loss observed after the HT 
eruption. 


The stratospheric chemistry behind 
0; depletion 


Both gas-phase and heterogeneous chemistry 
play substantial roles in understanding O3 de- 
pletion in the stratosphere (22). Gas-phase 
chemistry involves a complex suite of reactions 
between Og and various catalytic cycles, 
notably hydrogen (HOx: hydroxyl radical OH 
and perhydroxyl radical HO.), nitrogen (NOx: 
nitrogen monoxide NO and nitrogen dioxide 
NO,), chlorine (ClOx: chlorine Cl and chlorine 
monoxide ClO), and bromine (BrOx: bromine 
Br and bromine monoxide BrO) oxides (see 


(E) indicate +1 SD of the O3 climatology. In (E), the average O3 anomaly 

profile measured by the balloon sondes in Réunion Island is shown in 

magenta (ozonesonde data degraded to MLS vertical resolution; see the 
materials and methods). In (D) and (E), the dashed orange lines correspond 

to +1 SD of the HCI climatology, and the dashed blue lines correspond to +1 SD of 
the ClO climatology; numbers indicate how many profiles were used to 
compute the average anomaly. For ClO, the averaged anomaly profiles 


e (blue) and nighttime (purple) ClO 


involving NOx is closely intertwined with that 
of halogens (ClOx and BrOx) and of HOx 
(see the materials and methods). 

Reactive halogens, such as chlorine (ClO, Cl) 
and bromine (BrO, Br) species, have been 
identified as significant agents in Oz deple- 
tion (25). Brominated species, in the presence 
of elevated Cl, demonstrate higher O; destruc- 
tion efficiency compared with chlorine species 
due to their longer reaction chains (26). The 
generation of reactive halogen gases involves 
the transformation of halogen reservoir source 
gases (HCI, CIONO,, HBr, and BrONO,). Photo- 
lysis plays a key role in dissociating bromine 
reservoir species (HBr, BrONO3), whereas chlo- 
rine reservoir species (HCl, CIONO,) undergo 
relatively slow photolysis in the gas phase. 
However, more rapid transformations occur 
through heterogeneous reactions on solid or 
liquid particle surfaces (see the materials and 


the materials and methods). The chemistry 
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methods). 
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Heterogeneous chlorine chemistry has been 
well established in polar regions, where polar 
stratospheric clouds form at temperatures 
below ~195 K. These clouds, along with cold 
sulfate particles, play a crucial role in the con- 
version of inorganic chlorine species (CIONO, 
and HCl) into chemically active forms of chlo- 
rine, namely ClO and Cl (22), which subsequently 
initiate catalytic Og loss in the polar regions. 
Activation of CIONO, and HCl through hetero- 
geneous reactions becomes more efficient as 
temperature decreases or as increased H,O 
dilutes the H,SO, concentration (27). 

Some volcanic eruptions have been observed 
to emit halogens such as HCl and HBr into the 
stratosphere, along with SO, (28). Halogens, par- 
ticularly HCl, are highly soluble and can be 
scavenged by H,O, ice hydrometeors, and ash 
present in the volcanic plume (29). Theoretical 
predictions and advanced plume models indi- 
cate that 10 to 20%, of the HCl emitted at the 
vent during large, explosive volcanic eruptions 
could directly reach the stratosphere (28). 
Thus, observational examples of significant 
HCl and HBr emissions from volcanic events 
that directly lead to stratospheric O; depletion 
are limited (30). Depletion of stratospheric O3 
observed after volcanic eruptions has been 
mainly attributed to heterogeneous reactions 
occurring on volcanic sulfate aerosols, based on 
modeling studies [e.g., (2, 37)]. Furthermore, 
the increased presence of stratospheric sul- 
fate aerosols resulting from volcanic eruptions 
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Fig. 3. Soundings at MO on 22 January 2022. (A and B) Profiles of H2O vapor 
mixing ratio (blue), aerosol backscatter ratios at 940 nm (red) and 455 nm 
(blue), aerosol ambient surface area density (brown, in um? cm?) (A), and O03 
partial pressure (magenta) and temperature (green) (B) measured at MO 

on 22 January 2022. The horizontal green dashed line shows the location of the 
tropopause, and the red dashed line shows the O3 climatology for Réunion Island. 
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can also lead to a reduction in the abundance of 
NOx (32), making the ClOx and HOx cycles 
more effective at destroying Os (see the mate- 
rials and methods). If less NOx is available, 
then the catalytic O; depletion through NOx 
could slow down. However, this effect has pri- 
marily been observed at higher altitudes 
(>30 km) after the Mt. Pinatubo eruption (33). 

Although the impact of volcanic eruptions 
on Os; depletion in midlatitude regions is rela- 
tively well documented [e.g., (4, 34)], there 
have been fewer studies that specifically focus 
on the effects of volcanic eruptions and hetero- 
geneous chemistry on the distribution of strato- 
spheric Og; in tropical regions, because most 
volcanic injections do not reach altitudes high 
enough to substantially influence stratospheric 
O; chemistry in the tropics. However, the 
case of the HT volcanic eruption is different 
because the injection altitude was exception- 
ally high. 


Role of H20 vapor and temperature 


Most of the evidence for the occurrence of 
heterogeneous chemistry in the midlatitude 
and tropical stratosphere was provided for the 
tropopause region, where low temperatures 
are encountered. Modeling studies have indi- 
cated the possibility of heterogeneous chemis- 
try occurring on cirrus cloud particles near the 
midlatitude tropopause (35, 36) or heteroge- 
neous chlorine reactions on liquid sulfate aero- 
sols near tropical monsoon regions (37). 


100 -5 -4 -3 


Modeling studies have also indicated that 
enhanced H,0O in the stratosphere could lead 
to chemical O, depletion through heteroge- 
neous chlorine activation and subsequent O; 
destruction (38, 39). Low temperatures (<203 
K) and elevated H,O mixing ratios (>20 ppmv) 
must be maintained for heterogeneous chlo- 
rine activation on sulfate aerosols to occur (39). 

The largest O3 loss observed above Réunion 
Island on 22 January 2022 coincides with H,O 
mixing ratios exceeding 100 ppmv at ~25 and 
27km (Fig. 3). Above 25 km, temperature values 
were 2 to 4 K below the climatological mean 
temperature profile for January computed 
using 1998-2021 SHADOZ data for Réunion 
Island (see the materials and methods). Radio- 
soundings in the tropics have indicated an 
average temperature decrease of 2 K caused 
by the large increase of H2O vapor after the HT 
eruption (74). Figure 3 shows that O decreases 
also coincide with the presence of aerosols, 
as indicated by peaks in the COBALD back- 
scatter measurements. Measurements from 
an optical particle counter instrument flown 
that night provide additional information on 
the aerosol size and concentration, from which 


aerosol surface area density can be estimated , 


(see the materials and methods). In Fig. 3, the 
aerosol measurements indicate a peak ambient 
surface area density of 286.9 um? cm™ at 


26.4 km. This is 4 to 6 times higher than what . 


was reported 1 month after the Mt. Pinatubo 
eruption (40) and ~600 times higher than the 
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temperature climatology. The average temperature anomaly was —2.2 K between 
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background stratospheric value of 0.5 um? em’, 
The large humidification of the stratosphere 
by the HT eruption resulted in rapid aerosol 
formation in the volcanic plume and in the 
corresponding large aerosol surface area (6). 

MLS measurements at 27 km inside the vol- 
canic plume indicate that O3 decreases (average 
O; anomaly of -0.4 ppmv with decreases as 
large as -1.5 ppmv) correlated with higher H,O 
vapor mixing ratios (mean H,O of 102 ppmv) 
and temperatures on average ~2 K below the 
climatological average (see the materials and 
methods and fig. S1). Figure 2 shows that a 
decrease in HCl of 0.4 per million by volume 
(ppbv) at 28 km corresponds to an increase 
in ClO of 0.4 ppbv. Low HCl and high ClO 
reflect the conversion of the halogen reservoir 
compounds, such as HCl and CIONOs,, to the 
reactive form of chlorine, ClO. Above 25 km, 
where most of the Os loss is observed, it is 
usually far too warm (>220 K) for heterogeneous 
chlorine activation to occur (see the materials 
and methods). However, the large stratospheric 
humidification, subsequent radiative cooling, 
and the added surface area after the HT erup- 
tion likely accelerated heterogeneous chlorine 
activation on sulfate aerosols and led to Os 
decreases. To illustrate the impacts of H,O 
vapor increase and subsequent radiative cooling 
on chlorine heterogeneous chemistry, we con- 
sidered the heterogeneous reactions of CIONO, + 
HO, CIONO, + HCl, and HOC! + HCl on sulfate 
aerosols. The rates of heterogeneous reactions 
on sulfate aerosols are highly influenced by 
temperature and H,O vapor partial pressure, 
because these factors determine the compo- 
sition of the sulfate aerosols and the solubility 
of HCl, CIONO., and HOC! (41). 

When H,O vapor mixing ratios exceed 
100 ppmv, the probabilities of the heteroge- 
neous reactions ClIONO, + HCl and HOC! + 
HCl increase by four orders of magnitude 
under warm conditions (see the materials and 
methods and fig. S2). The radiative cooling 
induced by the large amount of H,O vapor 
(-4 K; Fig. 3) can further increase these pro- 
babilities by another factor of 10 (see the 
materials and methods and fig. S2). An in- 
crease in H,O vapor and a corresponding de- 
crease in temperature results in more dilute 
sulfate aerosols and higher HCl solubility; 
therefore, the reaction probability for the 
conversion of HCl to active ClOx (Cl, ClO) in- 
creases markedly, and catalytic O3 loss becomes 
possible under relatively warm conditions. 


Evidence of chlorine activation on hydrated 
volcanic aerosols 


Although the HCl injection into the strato- 
sphere by the HT eruption was comparable to 
that from previous moderate eruptions ob- 
served during the MLS record (JJ), it reached 
an altitude near 24 km (31.6 hPa) on 16 to 
17 January 2022, which is well above levels 


Evan et al., Science 382, eadg2551 (2023) 


previously observed by MLS (11). In Fig. 2, two 
main negative HCl anomalies are seen at 
24 and 29 km for measurements with large 
H,O vapor mixing ratios (>100 ppmv) inside 
the volcanic plume. The first HCl anomaly 
value of -0.25 ppbv at 24 km may have been 
due to scavenging by ice or ash particles (29), 
which were injected up to ~23 km but rapidly 
washed out within the first day after the erup- 
tion (42). The second, larger HCl anomaly 
of -0.4 ppbv at 29 km may indicate HCl het- 
erogeneous activation on sulfate aerosols. 
Indeed, this negative HCl] anomaly coincides 
with a positive peak of 0.41 ppbv in ClO radi- 
cals that is much more pronounced for daytime 
measurements (Fig. 2). This is consistent with 
photolysis of Cl, and the subsequent reaction 
of Cl with O; to form ClO. 

After the HT eruption, elevated HO vapor 
levels reaching at least 70 times the back- 
ground levels were observed. These increased 
H,O concentrations can play a crucial role in 
enhancing gas-phase chemistry involving HOx 
radicals, particularly OH and HO. The higher 
H,O concentrations may boost the HOx cycle, 
specifically affecting reactions such as OH + 
O; and HO, + Os, which in turn can lead to O; 
depletion. Additionally, the rise in H,O con- 
centrations strengthens the interaction be- 
tween the HOx and ClOx cycles (through HO, + 
ClO — HOC! + Og), with potential implications 
for O; depletion processes (39). 

A decrease in the observed NO, radical 
abundance indicates slowing of the NO, cycle, 
presumably due to NO; hydrolysis (see the 
materials and methods and fig. S3). At sunset, 
the NO, concentration is higher than in the 
morning and better approximates baseline 
conditions, suggesting that NO, may at least 
partially be sustained in the daytime plume. 
This reduction in NOx can reinforce the ClOx 
and HOx cycles, contributing to O; depletion. 

BrO and OCIO have been detected in vol- 
canic plumes in the upper troposphere to 
lower stratosphere region (43, 44), indicating 
the activation of bromine and chlorine species 
(because the ClO + BrO reaction is the primary 
known source of OCIO). Li et al. (45) reported 
SO, and BrO vertical column densities from 
satellite measurements in the HT volcanic 
plume for the period 15 to 19 January 2022. 
Most of the injected BrO spread southeast of 
the volcano on 16 January 2022, whereas a 
smaller portion continued to propagate east- 
ward in the subsequent days. Ground-based 
differential optical absorption spectroscopy 
(DOAS) observations cannot confirm the pres- 
ence of elevated BrO in the volcanic plume 
beyond 19 January 2022 (see the materials 
and methods), when it was last reported near 
130°E in northeastern Australia (45). The po- 
tential presence of BrO, along with the MLS 
detection of ClO in the volcanic plume, sug- 
gests the possibility of O; depletion in the vol- 
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canic cloud through the ClO-BrO catalytic 
cycle (46) (see the materials and methods). 


Insights from modeling 


A recent study by Zhu et al. (47) used the 
Whole Atmosphere Community Climate Model 
(WACCM) to investigate the role of chemistry 
and transport in O, depletion after the HT 
eruption. The authors simulated the condi- 
tions observed by MLS after the eruption by 
injecting H,O, ClO (or HCl), and SO, into the 
model. One of their simulations focused on the 
impact of injecting low O3, which explained 
the initial low values observed. However, it was 
found that these low Os levels did not persist 
over time, suggesting that the injection of 
tropospheric air poor in O3 was not a substan- 
tial contributing factor. It was also noted that 
inside the volcanic plume, the concentrations 
of OH and HO, increased by a factor of 10 
compared with background levels, with a cor- 
responding enhancement in reaction rates by 
a factor of 10, specifically for the O loss reac- 
tions HO, + O3 and OH + Os (see the materials 
and methods). 

Zhu et al. also confirmed a large enhance- 
ment, by several orders of magnitude, of the 
heterogeneous reaction rates for CIONO, + 
HCl, CIONO, + HO, and HOC! + HCl (see 
the materials and methods) (47). They found 
that HOC] + HCl was a major cause of chlo- 
rine activation. Additionally, they calculated 
a 20-fold increase in the reaction rate of ClO + 
HO, — HOC! + Og (see the materials and meth- 
ods). The authors also concluded that the mas- 
sive H,O injection during the HT eruption led 
to significant changes in ClOx-HOx interactions 
and heterogeneous reaction rates, resulting 
in diverse chemical pathways for chlorine ac- 
tivation and O; depletion. HOC! played a cru- 
cial role in both in-plume chlorine balance 
and heterogeneous processes. Both gas-phase 
chemistry and heterogeneous chemistry are 
deemed significant factors contributing to Os; 
depletion (47). 

These strengthened ClOx and ClO/HO, 
cycles led to an increase in the Oz loss reac- 
tion Cl + O3 by a factor of 2, which is suffi- 
cient to account for the O3 loss observed by MLS, 
even if the contribution from the bromine cata- 
lytic cycle is not considered. 


Potential mechanisms and impacts 
on O3 depletion 


The large amount of seawater vaporized during 
the HT eruption contained sea salt that may 
have been transported to the stratosphere, pro- 
viding a source of reactive chlorine, bromine, 
and iodine species for O; destruction. However, 
it is unclear whether all components of sea salt 
aerosols would survive wet scavenging in the 
volcanic plume and be efficiently transported 
to the stratosphere. Inorganic chlorine (HCl, Cl) 
and bromine (HBr, Br ) are easily removed by 
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wet scavenging, whereas inorganic iodine, the 
dominant form of stratospheric iodine injec- 
tions, is removed less efficiently (48). Even a 
small injection of iodine into the stratosphere 
could have accelerated O3 loss in the volcanic 
plume because of its much larger O3-depleting 
efficiency (48-50). 

Anderson et al. (38) hypothesized that the 
excess midlatitude stratospheric H,O associ- 
ated with convection changes caused by global 
warming could destroy lower stratospheric O3. 
This HT event appears to be an extreme ex- 
ample of that mechanism. The quantity of 
H,O from HT is significantly larger than 
would be expected from overshooting mon- 
soon convection but provides observational 
evidence that this process could occur (see the 
materials and methods). The rapid chemical 
Os loss inside the HT volcanic plume was 
primarily triggered by the synergistic effects 
of large humidification, radiative cooling, and 
added aerosol surface area. All of these effects 
acted in concert to accelerate HCl heteroge- 
neous activation on sulfate aerosols at warmer 
temperatures than have been recorded previ- 
ously. The fact that stratospheric Oz loss was 
so rapid after the HT eruption calls for ad- 
ditional experimental studies of heterogeneous 
chemistry on hydrated aerosols (especially 
halogen chemistry) to better assess the kinetics 
of these reactions. It also identifies the need 
to develop atmospheric modeling tools at 
finer scales to better understand stratospheric 
O; chemistry in the tropics after extreme 
events. The increased stratospheric H,O may 
linger for 4 to 5 years, potentially altering O3 
chemistry. As noted in Solomon et al. (51) in 
regard to the Australian New Year bush fires 
in 2019-2020, which injected 0.9 Tg of smoke 
into the stratosphere, there were chemical 
shifts associated with heterogeneous reactions 
that altered nitrogen, chlorine and reactive 
hydrogen species with the potential to cause 
midlatitude Os loss. For the next few years, con- 
tinued monitoring of O3, H.O vapor, aerosols, 
and halogens is needed to assess the extended 
impacts of this unprecedented HT eruption. 


Methods summary 
In situ balloon-borne measurements 


Balloon-borne measurements at the MO in 
Réunion Island in January 2022 included 
instruments such as the Cryogenic Frost-Point 
Hygrometer (CFH), the Compact Optical Back- 
scatter and Aerosol Detector (COBALD), the 
Electrochemical Concentration Cell (ECC) 
Ozonesonde, SO, sonde, and the Portable Optical 
Particle Counter (POPS). The CFH instrument 
measures water vapor with an uncertainty of 
5 to 10% or less in the stratosphere. COBALD 
characterizes aerosol particles and clouds based 
on the backscatter ratio at two wavelengths. 
ECC Ozonesonde provides O3 profile data with 
an uncertainty of 10%. The SO. sonde provides 
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SO, profile data with an uncertainty of 20%. The 
Intermet iMet-4-RSB Meteorological Radio- 
sonde supports data telemetering to the ground. 
POPS measures aerosol size distribution with an 
uncertainty of 5%. These measurements have a 
high vertical resolution of 5 m, and all variables 
were binned in altitude intervals of 100 m to 
reduce measurement noise. 


MLS observations and comparison to 
high-resolution ozonesonde measurements 


The Aura MLS satellite instrument observes 
thermal emissions from the atmosphere over a 
wide latitude range. MLS measurements within 
the volcanic plume were identified by selecting 
data points with water vapor mixing ratios 
>10 ppmv and between 100 and 10 hPa. 
Quality screening criteria were applied to 
the MLS data to ensure accuracy. To compare 
high-resolution balloon-borne ozonesonde mea- 
surements with MLS data, the sonde data 
were smoothed to match MLS resolution, and 
MLS vertical averaging kernels were applied 
using a priori climatological profiles. Overall, 
this approach enables the comparison of high- 
resolution balloon-borne measurements with 
MLS satellite data while accounting for reso- 
lution differences and other factors. 


Ozonesonde and SO> interference 


The presence of SO. in the atmosphere can 
interfere with ECC ozonesonde measurements. 
ECC ozonesondes measure an electrical current 
that is produced when O, enters the sensor and 
reacts with KI to produce I within the sonde. 
By measuring the electron flow and the rate at 
which Os enters the sensor per unit time, the 
Og concentration can be calculated. However, 
when SO, is present, it can convert IT back into 
I, leading to lower measured O3 levels. During 
the rapid response experiment at MO, SO, in- 
struments were launched alongside ECC ozone- 
sondes on some payloads. The 21 January 2022 
flight reported that SO, interference accounted 
for ~3 to 4% of the observed O; decrease in 
the ozonesonde profile between 28 and 30 km 
in altitude. 


Zenith-Sky DOAS measurements of 
stratospheric NOz 


Measurements of stratospheric NO, from the 
University of Colorado DOAS instrument dur- 
ing the plume period (21 January to 1 February 
2022) were compared with the clear-sky inter- 
annual NO, variability for 3 years (January 2020 
to January 2022) above MO to assess whether 
the NOx cycle of stratospheric O3 destruction 
was significantly affected by dinitrogen pent- 
oxide (N,O;) hydrolysis in the humidified 
plume. The instrument presents qualitative 
evidence for a reduction in stratospheric NO, 
during sunrise and sunset, consistent with NO; 
hydrolysis, in both geometries overlapping with 
the plume. However, no evidence for enhanced 
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BrO due to volcanic plume injection was detect- 
able in the DOAS data. 
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Associative and predictive hippocampal codes 
support memory-guided behaviors 


Can Liut, Ralitsa Todorovat, Wenbo Tang, Azahara Oliva, Antonio Fernandez-Ruiz* 


INTRODUCTION: The brain generates models of 
the environment that are used to guide flexible 
behaviors. This process requires learning the 
states of the world (such as specific locations) 
as well as the transitional relationships be- 
tween those states (e.g., successive locations 
along often-traveled trajectories). The hippo- 
campal cognitive map is believed to be one 
such internal model, supporting a variety of 
behaviors, including associative learning, nav- 
igational planning, and inference. It remains 
unknown which facets of hippocampal coding 
are required for these different behaviors and 
how they support both associative and predic- 
tive memory functions. 


RATIONALE: We hypothesize that two modes of 
hippocampal activity support learning of world 
states and state transitions, respectively. On 
one hand, the synchronous coactivity of groups 
of hippocampal neurons—cell assemblies—may 
encode features of individual states, forming 
an associative code. On the other hand, the 
ordered activation of these cell assemblies into 
behaviorally relevant sequences may encode 
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the relational structure between states, form- 
ing a predictive code. Previous research has 
not been able to dissociate these two dynamic 
codes or provide evidence of their specific 
functions. We leveraged an optogenetic ap- 
proach to dissociate these two coding schemes, 
with the goal of disrupting the predictive code 
(hippocampal sequences) while preserving the 
associative code (rate coding and coactivity 
dynamics) in behaving rats. This dissociation 
allowed us to examine the different memory 
functions of these two codes. 


RESULTS: We optogenetically perturbed the 
fine temporal coordination of hippocampal 
place cell firing as rats navigated specific spa- 
tial trajectories in a novel maze. This manip- 
ulation disrupted properties of the predictive 
code (such as temporally compressed place cell 
sequences and anticipatory place field shifts), 
but global network dynamics and single-cell 
spatial tuning and rate coding properties were 
preserved. 

During sleep after the novel experience, we 


observed that task-related cell assemblies en- 
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Associative and predictive codes in the hippocampus. Our optogenetic manipulation perturbed hippocampal 
sequences without affecting cell coactivity, thus selectively disrupting the predictive code. After learning, 


cell assemblies were reactivated, but their order was not preserved, abolishing sequential replay (right). Perturbing 


the predictive code had no effect on associative learning (bottom left) but did disrupt the flexible learning of 
novel optimal trajectories on a maze (bottom right). [Rat illustrations: Yu Kang] 
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coding discrete maze locations were re| Se 
ic 


vated in sharp wave-ripples (SWRs), 
affected by the manipulation. However, their 
sequential structure did not reproduce the 
order in which they were active in the task, 
resulting in impaired sequential replay for 
the perturbed trajectories. This result shows a 
dissociation between assembly reactivation and 
sequence replay, two phenomena previously 
assumed to reflect the same underlying pro- 
cess. The same manipulation did not disrupt 
replay of familiar trajectories, suggesting that 
the precise temporal coordination of place cell 
firing during learning mediates initial plasticity 
required for subsequent replay. Computational 
simulations suggest that distinct Hebbian plas- 
ticity mechanisms mediate assembly reactiva- 
tion and sequence replay. 

We tested the functional role of the predic- 
tive code by deploying our optogenetic manip- 
ulation in two different hippocampal-dependent * 
memory tasks. Context-reward associative learn- 
ing in a conditioned place preference task was 
unaffected and thus does not require a predic- 
tive map or memory replay. On the other hand, 
flexible memory-guided navigation in a forag- 
ing task was perturbed by the manipulation . 
and thus depends on hippocampal predic- 
tive coding. 


CONCLUSION: Our results provide a mechanis- . 
tic and functional dissociation between coac- 
tivity and sequence codes in the hippocampus. 
Hippocampal cells with similar responses to 
behavioral variables fire together, forming func- 
tional assemblies during learning, which are 
reactivated in SWRs during subsequent sleep. 
These cell assemblies encode discrete states in 
the environment, an associative code that is 
sufficient for some types of episodic memories. 
As these cell assemblies are activated in a spe- 
cific order during behavior, they form tempo- , 
rally compressed hippocampal sequences and 
promote Hebbian plasticity. This process en- 
ables the replay of behaviorally relevant se- 
quences during SWRs. Hippocampal sequences 
thus encode transitional structures of world 
states, generating a predictive model on top 
of the associative code of individual assem- 
blies. This new framework contributes to our 
understanding of how memory associations 
develop into predictive representations of the 
world and helps reconcile previously dis- 
parate views on hippocampal function. 


Department of Neurobiology and Behavior, Cornell University, 
Ithaca, NY, USA. 

*Corresponding author. Email: afr77@cornell.edu 

{These authors contributed equally to this work. 

Cite this article as C. Liu et al., Science 382, eadi8237 
(2023). DOI: 10.1126/science.adi8237 


S READ THE FULL ARTICLE AT 
https://doi.org/10.1126/science.adi8237 


lof1 


RESEARCH 


RESEARCH ARTICLE 


NEUROSCIENCE 


Associative and predictive hippocampal codes 
support memory-guided behaviors 


Can Liut, Ralitsa Todorovat, Wenbo Tang, Azahara Oliva, Antonio Fernandez-Ruiz* 


Episodic memory involves learning and recalling associations between items and their spatiotemporal 
context. Those memories can be further used to generate internal models of the world that enable 
predictions to be made. The mechanisms that support these associative and predictive aspects 

of memory are not yet understood. In this study, we used an optogenetic manipulation to perturb 
the sequential structure, but not global network dynamics, of place cells as rats traversed specific spatial 
trajectories. This perturbation abolished replay of those trajectories and the development of predictive 
representations, leading to impaired learning of new optimal trajectories during memory-guided 
navigation. However, place cell assembly reactivation and reward-context associative learning were 
unaffected. Our results show a mechanistic dissociation between two complementary hippocampal 
codes: an associative code (through coactivity) and a predictive code (through sequences). 


earning associations from experience and 

using this knowledge to make novel pre- 

dictions are integral features of memory- 

guided behavior. Learning the structure 

of one’s environment can be conceptual- 
ized as two separate processes: learning the 
states in the world and learning the likely 
transitions between those states. The hippo- 
campus has been implicated in both processes 
because it has been shown to be fundamental 
for encoding spatial-temporal associations 
(7-5) and supporting flexible memory-guided 
behaviors, planning, and inference (6-11). Such 
involvement in diverse types of memory has led 
to different theories of hippocampal function 
focused either on its role in the formation and 
recall of episodic memories (72-15) or in the 
generation of predictive models to guide behav- 
ior (10, 16, 17), while some proposals high- 
lighted the intrinsic relationship between 


coactivity 


sequence 
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Fig. 1. Two hypothesized memory codes in the hippocampus. (A) As a rat 
learns to navigate a maze to find a reward, place cells activate along its spatial 
trajectory (color areas represent place fields). (B) During navigation, but also 
during offline periods, place cells with overlapping fields are active together, 
forming functional assemblies (top), and these assemblies form a sequence that 
reproduces an animal's learned trajectory (bottom). (C) We propose that the 


these functions (78, 19). However, it is unclear 
which facets of hippocampal coding are required 
for these different behaviors. One prominent 
candidate is the short-timescale (~10 to 30 ms) 
coincidental firing of hippocampal neurons 
with selective responses to external variables 
(e.g., place cells encoding the same location). 
This synchronous activation of “cell assemblies” 
can lead to the strengthening of their connec- 
tions through Hebbian plasticity, forming a 
coactivity code (20-22). In addition, hippocampal 
cell assemblies organize into sequences. During 
navigation, temporally compressed neuronal 
sequences on the timescale of a single cycle 
of the theta oscillations (6 to 12 Hz; i-e., “theta 
sequences”) sweep ahead of the animal’s cur- 
rent position to encode future routes (23-25). 
During rest periods, the sequential activation 
of place cells “replays” past spatial trajectories 
(26, 27). Coactivity and sequential hippocam- 


pal dynamics have been traditionally consi- 
dered conjoined aspects of the same under- 
lying process, supported by common circuit and 
synaptic mechanisms to the extent that they 
are regarded as nondissociable. An alternative 
possibility is that coactivity and sequential dy- 
namics of hippocampal place cells represent 
distinct coding schemes (Fig. 1). First, assem- 
blies of coactive cells would encode individual 
associations, or discrete states in the world. 
Second, assemblies can be concatenated into 
sequences reflecting either experienced or in- 
ferred behaviorally relevant state transitions, 
forming a predictive code. Although multiple 
studies have found deficits in memory-guided 
behavior by disrupting hippocampal activity 
(28-32), none have been able to dissociate these 
two dynamic modes and provide evidence of 
the specific role of hippocampal sequences in 
behavior. To overcome this limitation and test 
our hypothesis, we selectively disrupted hippo- 
campal sequences in rats while preserving 
place cell expression and coactivity dynamics 
and investigated their specific contribution to 
predictive coding and flexible spatial learning. 


Results 
Disruption of hippocampal theta sequences 
impairs the formation of a predictive map 


To dissociate assembly coactivation and the 
sequential organization of assembly activity, 
we sought to specifically disrupt place cell 
sequence dynamics while preserving their 
tuning and coactivity properties in the main 
hippocampal output region, CA1. Timing of CA1 
place cell firing relies on inputs from the me- 
dial entorhinal cortex (MEC) (33-35). However, 
silencing or inactivating the MEC profoundly 
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coactivity of cell assemblies represents an associative code to learn discrete 
states in the world, while their sequential activation forms a predictive code to 
learn behaviorally relevant state transitions. (D) An associative memory code 
may be sufficient for some types of memory, such as associating a place with a 
reward. Other types of memory-guided behavior, such as flexibly navigating a 
complex environment, would require a predictive model. 


1 of 16 


& 


¢ 


RESEARCH | RESEARCH ARTICLE 


interferes with hippocampal physiology, affect- 
ing place cell expression, coactivity, and phase 
coding, and thus lacks the necessary specificity 
to test the role of sequences (36-39). To over- 
come these limitations, we expressed channel- 
rhodopsin (ChR2) in rat MEC y-aminobutyric 
acid-releasing (GABAergic) cells to optogen- 
etically entrain them at an artificial gamma 
frequency (40, 41). With this approach, we 
selectively perturbed the fine temporal struc- 
ture of MEC outputs while simultaneously 
recording hippocampal population activity 
(Fig. 2A and fig. S1). In contrast to previous 
manipulations (33, 36), our optogenetic pertur- 
bation spared theta power, frequency, and the 
theta phase modulation of CA1 unit firing (fig. 
S1). To evaluate the effect of our optogenetic 
perturbation on CA1 place cell properties, we 
delivered light while rats (n = 5) ran in one 
direction (“Stim ON”) but not in the opposite 
direction (“Stim OFF”) on a novel linear track. 
We aimed to disrupt specific sequences that 
encoded part of the experience and to leave 
other sequences intact as a control. The forma- 
tion, stability, and firing properties of CA1 place 
cells at the single cell and population levels 
were preserved for both the Stim ON and 
Stim OFF directions (Fig. 2, B to F, and figs. 
S2 to S4). Place cells in the two directions had 
similar properties and formed a highly direc- 
tional code such that Stim OFF and Stim ON 
trajectories could be decoded separately (fig. 
S3A), and on the population level, the compo- 
sition, spatial properties, and stability of place 
cell assemblies were similar in the Stim OFF 
and Stim ON directions (figs. S4, E to H). 
Despite preserved place cell tuning curves, the 
progressive shift in their spike timing in rela- 
tion to the phase of global theta rhythm 
[“phase precession” (42)] was impaired in the 
Stim ON direction (Fig. 2D and fig. S5). More- 
over, the sequential firing of pairs of place cells 
at the theta timescale was disrupted in Stim 
ON (Fig. 2, G and H). In contrast, across theta 
cycles, cofiring of CA1 cells was preserved in 
both directions (Fig. 2, G and I). 

In our framework, the formation of place 
fields (PFs) in a novel environment reflects 
learning the states in the world (e.g., loca- 
tions), whereas the formation of a predictive 
map develops as an animal learns the likely 
transitions between those states (e.g., succes- 
sive locations along often-traveled trajectories). 
To test whether the predictive code could be 
dissociated from the encoding of the individ- 
ual states with our manipulation, we examined 
the evolution of place cells and hippocampal 
predictive coding features in the novel maze. 
We found that place cell properties in both 
Stim OFF and Stim ON directions showed 
experience-dependent development. Place 
field quality in both directions improved across 
laps, as measured by both their spatial infor- 
mation (Fig. 3B) and the decoding accuracy 
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of animal position from place cell population 
activity (fig. S3), indicating that spatial maps 
were formed and developed with experience, 
unaffected by our optogenetic perturbation. 
We then examined the development of a 
predictive code in two ways. We first analyzed 
theta sequences, because they are temporally 
compressed representations of spatial trajec- 
tories, reflecting short-term predictions of the 
immediate future (43-46). In contrast to the 
preserved spatial map formation, theta se- 
quences were impaired in the Stim ON direc- 
tion (Fig. 3A). Moreover, we observed a specific 
experience-dependent development of theta 
sequences in the Stim OFF direction, such that 
they became more prospective across laps (en- 
coding longer distances ahead of the animal) 
(Fig. 3C), a process that could reflect the for- 
mation of increasingly predictive internal rep- 
resentations of the maze. This development 
was not observed in the Stim ON direction 
(Fig. 3C). Another property of the hippocampal 
predictive map is the progressive backward 
shift of place fields toward past states (or loca- 
tions) with experience (47), so that the early firing 
reflects the expectation of upcoming states (17). 
We observed a progressive backward shift 
across laps of place fields only in the Stim OFF 
direction, as expected, not the Stim ON direc- 
tion (Fig. 3, D and E). These changes in the pre- 
dictive code were not due to differences in animal 
behavior between the two trajectories (fig. S3G). 


Impaired replay with preserved reactivation of 
a novel experience 


Memory formation in the hippocampus is typ- 
ically measured as both the reactivation of 
short-timescale coactivity patterns (“assem- 
blies”) and the replay of neuronal sequences 
during sharp wave-ripples (SWRs) (48-50). 
We first examined sequential replay of a running 
experience on a novel linear track. During pauses 
between track running and during sleep after 
the task, we observed SWR-associated replay 
events reproducing place cell sequences of the 
Stim OFF direction (Fig. 4, A and B). However, 
replay sequences of the Stim ON trajectory, 
where hippocampal predictive coding was dis- 
rupted, were impaired (Fig. 4B). Compared 
with baseline sleep sessions before the task, 
the fraction of SWRs that expressed signifi- 
cant replay of the Stim OFF trajectory and their 
sequence scores were considerably increased, 
but no experience-dependent enhancement was 
observed for the Stim ON trajectory (Fig. 4C 
and fig. S6). This effect cannot be explained by 
differences in single neuronal activity during 
SWRs or decoding quality (fig. S7). Stim ON 
replay sequences were not observed in either 
the forward or the reverse direction (fig. S6, B 
and C), and this result was replicated with 
different replay methods and decoding param- 
eters (figs. S6 and S7). We also tested whether 
this disruption of replay of specific trajectories 
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was due to the impaired formation of a predic- 
tive map (i.e., encoding the relevant state tran- 
sitions). We conducted an experiment in which 
rats (7 = 3) first explored a linear track without 
manipulation to form a predictive map with- 
out perturbation and, in a subsequent session, 
experienced optogenetic perturbation in one 
direction as previously described. Theta se- 
quences were still impaired in the Stim ON 
direction, but we observed intact replay for 
both Stim ON and Stim OFF trajectories (fig. 
S8), confirming that although predictive cod- 
ing is key in the initial stages of encoding 
novel experiences, once the predictive map is 
established, it does not require further repeti- 
tions to generate replay of recent experience. 
In the novel linear track experience, we next 
examined reactivation of task coactivity pat- 
terns by detecting synchronous cell assemblies 
that encoded discrete positions along both 
Stim OFF and Stim ON trajectories (fig. S9). 
The composition, spatial properties, and sta- 
bility of assemblies were similar in the Stim 
OFF and Stim ON directions (fig. S4, E to H). 
Surprisingly, Stim OFF and Stim ON assem- 
blies reactivated with similar strength during 
SWRs (Fig. 4, A and B), significantly increasing 
their activity compared with the preceding sleep 
(Fig. 4D and fig. S9, B to D). This result indi- 
cates an intact memory reactivation of loca- 
tions along both trajectories, which was also 
confirmed using other canonical metrics of 
memory reactivation (Fig. 4E and fig. S9A). 
We wondered how these stark differences in 
reactivation and replay can coexist. A closer 
look at the temporal dynamics of cell assem- 
blies revealed an important difference. Assem- 
blies from the Stim OFF trajectory reactivated 
during SWRs in a temporal sequence that re- 
produced the order of their encoded spatial 
locations in the maze (Fig. 4 and fig. S9A). 
However, while individual assemblies for the 
Stim ON trajectory reactivated during SWRs 
with similar strength to those for the Stim 
OFF trajectory, their task sequential structure 
was not preserved in these reactivation events 
(Fig. 4B and fig. S9E), resulting in the impair- 
ment of sequence replay and the preservation 
of reactivation of the Stim ON trajectories. In- 
deed, although the strength of assembly reac- 
tivation and replay for the Stim OFF direction 
were correlated at the level of individual SWRs, 
this correlation was absent for the Stim ON 
direction (Fig. 4F), dissociating reactivation 
from replay in the absence of a predictive code. 


Associative and predictive codes support 
different memory-guided behaviors 


Next, we asked whether the associative (coac- 
tivity) and predictive (sequences) hippocam- 
pal codes have different functional roles. A 
predictive model of the environment would be 
required to learn tasks that necessitate flexible 
navigation. To test this prediction, we trained 
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Fig. 2. Optogenetic perturbation of MEC gamma timing impairs temporal 
but not rate coding features of CA1 place cells. (A) Histological sections 
showing (top) expression of mDIx-ChR2-mCherry in MEC GABAergic cells (red) 
and optic fibers’ tracks (dashed lines) and (bottom) probe locations in CA1. 
(B) Rate maps for CA1 pyramidal cells (n = 815) in the Stim OFF and Stim ON and ON (bottom) directions. The cells cofired in the same theta cycles in 
directions. (©) Example Bayesian decoding of CA1 population spike trains 
during running behavior. Dashed cyan line represents animal's actual position. 
The color map indicates probability of a decoded location. (D) Representative timescale firing lag for all overlapping place cell pairs in OFF (top) and ON 
(bottom) running directions. Theta compression was disrupted in Stim ON only 
(P =9x10°°, Wilcoxon signed-rank test between theta compression slopes; see 


place cells for the Stim OFF (top) and Stim ON (bottom) directions. (Top 
rate as a function of spatial positions. (Bottom) Theta phase-position raster 
place cell spikes. Red line represents the linear circular regression. (E) Spatial 
information was not significantly different between cells in the Stim OFF and Stim 
ON directions (P = 0.39; Wilcoxon signed-rank test). (F) Representation stability 
as measured by the population vector (PV) correlation between even and odd 


rats (n = 5) to learn a novel spatial configura- 
tion of rewards in a familiar “cheeseboard” 
maze (8, 41, 51). Rats learned to find three 
hidden water rewards in different locations on 
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ON and the OFF directions 


Firi 
of 
methods). Circles indicate 


the maze, with the reward locations changing 
every day (Fig. 5, A and B). Each trial started 
with the animal in the home box and ended 
when they retrieved the three rewards and 
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trials in both directions was higher than shuffled data (OFF/ON versus shuffle: 
P=6x10°/P = 610°, Wilcoxon signed-rank test) and not different between the 


theta firing relationships for cell pai 


cases, but the order of firing (AB 
(H) Average normalized density plot between place field distance and theta 


ace cells in the same theta cyc 
(overlapping versus nonoverlapping place cells in OFF/ON: P=1x104/P = 
9x 10°, Wilcoxon signed-rank test; OFF versus ON: P= 0.067). ***P < 0.001. 


(P = 0.35, Wilcoxon signed-rank test). (G) Examples of 
rs with overlapping place fields in OFF (top) 
both 


is only consistent in the OFF direction. 


the cell pairs shown in (G). (I) Cofiring of overlapping 


es was preserved in both directions 


came back to the box. The most efficient strat- 
egy for the animal in this task was thus to find 
the optimal route that connected all three re- 
ward locations by learning to sequentially 
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Fig. 3. Impaired development of place cell theta sequences and predictive 
properties. (A) (Top) Example theta sequences. (Bottom) Average (n = 20 
sessions in five rats) decoded position estimated across different theta phases, 
relative to the actual animal position (dashed black line). Stim ON theta 
sequences were impaired (Stim OFF versus Stim ON quadrant scores: P = 
0-™". weighted correlation: P = 4 x 10°", Wilcoxon rank sum test, 
7,992/13,265 theta cycles). (B) Increase in spatial information of place 
cells across laps in both Stim ON (blue) and Stim OFF (black) conditions (***P = 
18 x10"/1.2 x 10° for Stim OFF/ON, Wilcoxon rank sum tests comparing 
the Ist versus the 15th lap). (€) Increase in theta sequence look-ahead index in 
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navigate from one reward to the next. On half 
of the days, we performed the same optoge- 
netic perturbation during learning trials (Stim 
ON sessions), whereas in the other half there 
was no stimulation (Stim OFF sessions). We 
observed an intact formation of place fields 
(fig. S10) and impaired theta sequences (Fig. 
5D) in Stim ON sessions. Animal learning per- 
formance was impaired in Stim ON compared 
with Stim OFF sessions (Fig. 5C and fig. S10), 
supporting a role of the predictive code in the 
efficient learning of novel optimal trajecto- 
ries in a familiar environment. We next asked 
whether replay would be preserved despite the 
disruption of theta sequences in this familiar 
environment. We first examined replay of the 
novel trajectory learned by the end of the cur- 
rent day’s training session. In Stim OFF sessions, 
we found robust replay in both awake SWRs 
(during intertrial periods in the home box) and 
in the post-learning sleep session (Fig. 5F and 
fig. S11A). In contrast, replay of the novel route 
to the new goal locations was impaired in Stim 
ON sessions (Fig. 5F and fig. S11A), suggesting 
that when learning a new optimal route to 
goals, even in familiar environments, the tran- 
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sitional structure between locations of the route 
encoded by theta sequences is required for 
its subsequent replay. Replay of the familiar 
routes to previously learned locations was pre- 
served in both Stim OFF and Stim ON sessions 
(fig. S11B). These effects were not due to dif- 
ferences in SWR properties, single-unit firing 
dynamics during SWRs, or decoding accuracy 
of animal position between Stim OFF and Stim 
ON sessions (figs. S11, D and E, and S10C). The 
two-dimensional (2D) place field properties of 
individual cells were also preserved, similar to 
those on the 1D linear track (fig. SIOE). 

In contrast to the impaired Stim ON replay, 
reactivation of cell assemblies was maintained 
in both Stim OFF and Stim ON sessions (Fig. 
5G and fig. S11), replicating our results from 
the linear track. Finally, we tested whether im- 
pairment of hippocampal sequences with pre- 
served place cell expression and coactivity 
affected subsequent memory recall. Memory 
recall measured 2 and 22 hours after learning 
was disrupted in Stim ON compared with Stim 
OFF sessions (Fig. 5H), and animals spent less 
time exploring around the reward locations 
after Stim ON than after Stim OFF sessions 
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the Stim OFF (***P = 4.0 x 10°), but not the Stim ON, direction (P = 0.71, 
Wilcoxon signed-rank tests). (D) Backward shifting of PF center-of-mass (COM) 
overlaps on the Stim OFF trajectory (***P = 1.3 x 10~°°) but not the Stim ON 
trajectory (P = 0.16, Wilcoxon signed-rank tests). COM shift relative to the first 
lap is shown (>0, forward shifting to future; < 0, backward shifting to past). 
(E) Example place cells showing backward shifting place fields on the Stim OFF 
trajectory (top) and stable fields on the Stim ON trajectory (bottom). Arrows depict 
the animal's running direction. Curves on top show smoothed firing rate for the first 
and last laps, and raster plots below show spikes across all laps. For all these analyses, 
n = 20 sessions from five rats were used. 


(fig. S10B). Furthermore, while performance on 
the 2- and 22-hour tests during Stim OFF ses- 
sions remained on par with the final perform- 
ance reached during learning, in Stim ON 
sessions, performance was further deteriorated 
(fig. SIOA). 

Our hypothesis predicted that in contrast to 
“model-based” behaviors that require a pre- 
dictive code, an associative memory code im- 
plemented by the coactivity of hippocampal 
cells would be sufficient to support other types 
of episodic memory, such as associating spatial 
context with rewards. We trained rats (7 = 5) on 
a conditioned place preference (CPP) paradigm 
(Fig. 51), which depends on intact hippocampal 
function. Rats were trained to associate one of 
the two halves of a cheeseboard maze with the 
presence of water rewards at random locations. 
After four pairing trials, we tested their pref- 
erence for either of the two halves of the maze 
(without reward present). In half of the ses- 
sions, we delivered the optogenetic perturba- 
tion during all running periods during pairing 
trials. In line with our previous results, we de- 
tected similar assembly reactivation during 
sleep after both Stim OFF and Stim ON pairing 
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Fig. 4. Impaired replay with preserved reactivation of a novel experience. 
(A and B) Examples of replay and reactivation for (A) the Stim OFF and (B) 
the Stim ON experience, respectively. (Top) Decoded position during replay events 


rank rank 


(D) Reactivation strength of task-related assemblies centered on post-task sleep 
SWR, increased relative to baseline (Stim OFF post-task sleep versus baseline sleep during 
SWRs: Wilcoxon signed-rank test, n = 31 components, **P = 0.0096; Stim ON post-task 


(color coded by decoded position). (Middle) Raster plots of neuronal firing: 

colored circles indicate activations of assemblies composed of neurons with nearby 
place fields (colored ticks; colors of assemblies reflect their peak activation position). 
(Bottom) Assembly reactivation strength curves. (C) Increase in proportion 
significant replay (left) and sequence scores (right) of SWRs in post-task sleep as 
compared with pre-task sleep. Unlike the OFF direction, there was no significant replay 
in the ON direction (n = 4437 events; Stim OFF: student's t test, ***P =7 x 10: 
signed-rank test: OFF ***P =3 x 10” 
and ON P = 0.29 for scores). Only the first session in the maze was included (n = 5 sessions). 


Stim ON: P = 0.29 for proportions; and Wilcoxon 


trials (fig. S12). Population activity during 
SWRs formed distinct memory representations 
for both contexts (rewarded and nonrewarded 
maze halves) in both Stim OFF and Stim ON 
sessions, consistent with an intact associative 
code (fig. S12). Because the CPP task involves 
boundaries, it gave us the opportunity to quan- 
tify a critical signature of hippocampal predic- 
tive coding, which is the elongation of place 
fields along obstacles in 2D mazes, reflecting 
the topological structure of the space (/7, 52). 
Similar to previous reports (53, 54), fields near 
the boundary of our maze tended to elongate 
parallel to the wall in Stim OFF sessions (Fig. 
5K and fig. S12). However, this effect was dis- 
rupted during Stim ON (Fig. 5K and fig. $12), 
providing further support that the predictive 
map was impaired. To assess replay in the ab- 
sence of stereotypical trajectories, we exam- 
ined the degree to which the sequential order 
of firing in post-task sleep SWRs resembled 
the sequential order in behavior. The sequen- 
tial order was preserved in post-task sleep in 
Stim OFF sessions but not in Stim ON sessions 
(fig. S12, F and G). Despite these changes in 
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the predictive code, on the test session, where 
no reward or stimulation was delivered, rats 
showed an enhanced preference for the pre- 
viously rewarded context in both Stim OFF 
and Stim ON conditions (Fig. 5, J and L), con- 
firming that an associative memory code was 
sufficient for the formation and retrieval of a 
context-reward association. 


Circuit mechanisms for coactivity and sequence 
memory codes 


Given this dissociation, we wondered which 
distinct circuit mechanisms support the reac- 
tivation and replay of memories. The main 
inputs that modulate the firing dynamics of 
CAI pyramidal cells are excitatory projections 
from CA3 and the entorhinal cortex as well 
as perisomatic inhibition (Fig. 6A). The rela- 
tive strength of each of these inputs during 
behavior can be estimated by measuring layer- 
specific gamma oscillations (34, 35, 55, 56). MEC 
optogenetic perturbation specifically disrupted 
midfrequency gamma oscillations (gammay,) 
in the distal CA1 dendrites, the domain in- 
nervated by MEC axons (Fig. 6B and fig. S13), 
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sleep versus baseline sleep during SWRs: Wilcoxon signed-rank test, n = 

27 components, **P = 0.0026). (E) Reactivation of pairwise neuronal correlation as 
measured by explained variance (EV) in post-task sleep was significant for both directions 
(Stim OFF: *P = 0.031; Stim ON: Wilcoxon signed-rank test, *P = 0.031; 

Stim OFF versus Stim ON, Wilcoxon signed-rank test, P = 0.81; n = 5 sessions). 

(F) Correlation between replay scores and assembly reactivation strength for post-task 
SWRs computed independently for Stim OFF and Stim ON replay events. Reactivation and 
replay were correlated in Stim OFF (Pearson's correlation coefficient 

r=Oll, **P = 3 x 10) but not in Stim ON (Pearson's r = -0.028, P = 0.06). 


while other CAl gamma oscillations, elicited 
respectively by CA3 inputs and local inhibition 
(34, 35, 55-57), remained unaltered (Fig. 6B 
and fig. S13). The coupling of CA1 spikes to 
gammay,, but not to the other two gamma 
oscillations, was also impaired (fig. S13), con- 
sistent with the notion that our manipulation 
disrupted CA1 pyramidal cell entrainment by 
MEC inputs but not by CA3 or local interneur- 
ons. The disruption of theta sequences during 
initial experience led to the impairment of re- 
play but not the reactivation of assemblies, 
raising the question of which mechanisms link 
these processes. To answer this question, we 
turned to computational modeling. 

Previous work has suggested that the highly 
recurrent CA3 hippocampal region with its 
auto-associative network structure is respon- 
sible for both the coactivation of CA1 cells 
forming functional assemblies (22, 58) and the 
generation of sequential activity (24, 59, 60). 
We implemented a spiking CA3-CA1 network 
model capable of generating spontaneous re- 
play. Our CA3 network consisted of recurrent- 
ly connected leaky integrate-and-fire pyramidal 
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Fig. 5. Internally generated sequences are needed for memory-guided 
behavior. (A) Task structure of the cheeseboard task: Each day, animals learned a 
novel trajectory to get three hidden rewards in a circular arena. (B) Schematic of 
the cheeseboard setup. (C) Learning performance measured as distance traveled 
relative to optimal trajectory. ANOVA with repeated measures showed a significant 
main effect of group (F1,43 = 133.4, P < 10”: n = 33 and 11 sessions for Stim OFF 
and Stim ON, respectively). (D) Average decoded position versus theta phase, 
relative to actual animal position (dashed black line). Stim ON theta sequences 
were degraded (quadrant scores were lower in Stim ON than in Stim OFF: n = 
5958/2695 cycles for Stim OFF and Stim ON, respectively, P = 2 x 10°°: weighted 
correlations were lower in Stim ON than in Stim OFF: P = 3 x 10, rank sum 
test). Two cycles are shown for visibility. (E) Example of a decoded replay event. 
Decoded linearized position (top), spike raster (middle), and assembly reactivation 
strength (bottom) were shown for the same replay event. (F) Increase in replay 
score in post-task sleep as compared with pre-task sleep. Unlike the Stim OFF 


P=3x10-: signed-rank test, n = 11,460 events; Stim ON: P= 0.41, n = 8689 
events). (G) Reactivation strength of task-related assemblies centered on post- 

task sleep SWR (Stim OFF post-task sleep versus baseline sleep during SWRs: n = 36 
components, P = 4.71 x 10* ; Stim ON post-task sleep versus baseline sleep during 
SWRs: n = 22 components, P = 3.19 x 10°, signed-rank test). (H) Memory 
performance during 2 and 22 hour post-learning recall tests (P = 6.8 x 10-4/7.9 x 10+ 
for 2 and 22 hour tests, rank sum test; n = 25/11 for Stim OFF/ON sessions from 

five rats). (I) Task structure of CPP task. (J) Example rat paths for Stim OFF (left) and Stim 
ON (right) baseline and testing sessions on CPP task. The side rewarded during pairing 
is highlighted in yellow. (K) Example place fields near the boundary for Stim OFF (left) 
and Stim ON (right) conditions, illustrating place field elongation along the boundary, 
which was disrupted in the Stim ON condition. Red circles emphasize the shape of 
the place field. (L) CPP memory performance: both Stim ON and Stim OFF training 
resulted in animals spending more active time in rewarded versus unrewarded 
side (Stim OFF: paired t test, n = 5 sessions, P = 2.85 x 10“; Stim ON: paired t test, 


condition, there was no significant replay in the Stim ON condition (Stim OFF: 


cells and interneurons (67). This network was 
connected in a feedforward manner to a CA1 
network, with a similar composition but lack- 
ing recurrent excitation, so every CA1l pyram- 
idal cell integrated inputs from multiple CA3 
pyramidal cells (Fig. 6C). We first simulated 
a learning phase, akin to a rat running on a 
novel linear track, in which place cells received 
random spatial inputs. In accordance with 
experimental observations, CA3-CA1 synaptic 
weights were updated according to an asym- 
metric (62, 63) spike time-dependent synap- 
tic plasticity (STDP) rule, whereas CA3-CA3 
weights followed a symmetric (64) STDP rule 
(Fig. 6C). On the basis of our experimental 
findings, we simulated a Stim OFF condition, 
in which place cells displayed phase preces- 
sion and robust theta sequences (Fig. 6D and 
fig. S14). In a Stim ON condition (mimicking 
the effects of our optogenetic MEC perturba- 
tion), place cells were phase-locked to theta 
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oscillation but lacked phase precession and 
theta sequences (Fig. 6D and fig. S14), repro- 
ducing our experimental findings. We also 
simulated offline epochs [akin to non-rapid 
eye movement (non-REM) sleep] before and 
after spatial learning; in such periods, the 
network received low-level stochastic spiking 
inputs to drive activity. We examined CA1 
spiking patterns after learning and quanti- 
fied replay and reactivation as we did with 
our experimental data. In the Stim OFF con- 
dition, synapses between overlapping place 
cells were potentiated by STDP (fig. S14). Place 
cell sequences experienced in the learning 
phase were spontaneously replayed in the fol- 
lowing offline epoch (Fig. 6, E and F). In the 
Stim ON condition, disorganized timing within 
theta cycles disrupted CA3-CA1 STDP, which 
relies on a consistent timing between pre- and 
postsynaptic spike pairs (fig. S14). CA3-CA3 STDP 
was preserved due to place cell coactivity 
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n = 6 sessions, P = 2.10 x 10°). 


within theta cycles, regardless of their precise 
temporal ordering (fig. S14). These effects re- 
sulted in an impairment of replay in the 
Stim ON condition (Fig. 6, E and F) but robust 
reactivation of place cell assemblies in both 
conditions (Fig. 6, E and G), mirroring our ex- 
perimental results. The dissociation between 
reactivation and replay in our model suggests 
that reactivation and replay are differently 
mediated by STDP at CA3 and CAI synapses, 
providing a plausible circuit-level mechanism 
for our findings. 


Discussion 


In this study, we described two complemen- 
tary hippocampal circuit mechanisms that sup- 
port the formation of memory associations and 
the generation of predictive representations of 
the environment. First, the coactivity of place cell 
assemblies encoded discrete states in the envi- 
ronment and, with their subsequent reactivation, 
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Fig. 6. Circuit mechanisms for coactivity and sequence hippocampal 
dynamics. (A) Schema depicting the inputs to CAl pyramidal neurons stratified 
along their somatodendritic axis. Local inhibitory inputs are dominant in the 
pyramidal layer (st. pyr.), CA3 inputs target proximal apical dendrites in the 
stratum radiatum (st. rad.), and entorhinal inputs target distal dendrites in 


network during learning trials. (D) In Stim OFF simulations (top), place cells 
displayed phase precession and prominent theta sequences. In Stim ON 
simulations (bottom), phase precession was disrupted, and theta sequences 
were abolished. (E) Example replay events simulated by the model after Stim 
OFF (left) and Stim ON (right) learning. Decoded position, spike raster, and assembly 


the stratum lacunosum-moleculare (st. |-m.). (B) Gamma amplitude-theta phase 
comodulograms for each layer-specific LFP component (see methods) 
displayed modulation in a specific gamma sub-band (averaged data from n = 10 
sessions from four rats): CAlpyr in gamma, (100 to 160 Hz), rad in gammas 
(30 to 60 Hz), and LM in gammay (60 to 110 Hz). (Right) MEC perturbation 
selectively impaired LM gammay but not CAlpyr or rad oscillations (**P = 0.002, 
Wilcoxon signed-rank test; n = 13 sessions from five rats). (C) (Left) Model 
schematic depicting a subnetwork of CA3 cells projecting to a subnetwork of CAL 
cells. Triangles represent pyramidal neurons, and circles represent inhibitory 


reactivation strength as in Fig. 4. (F) Increase in proportion of “SWR" events with 
significant replay in post-task “sleep” epochs in Stim OFF and Stim ON protocols. 
Replay improvement was above chance levels in Stim OFF but not Stim ON 
simulations (Stim OFF: P = 0.0039, Wilcoxon signed-rank test, n = 6585 events; 
Stim ON: P = 0.19, n = 6031 events). (G) Reactivation strength of task-related 
assemblies centered on post-task sleep SWR-like events increase relative to 
baseline (Stim OFF post-task sleep versus baseline sleep during SWR-like events: 
Wilcoxon signed-rank test, n = 362 components, ***P = 5 x 10™*: Stim ON 
post-task sleep versus baseline sleep during SWR-like events: Wilcoxon signed- 


interneurons. (Right) STDP rules used to train different synapses within the 


supported associative memory. Second, tempo- 
rally compressed hippocampal sequences en- 
coded transitional structures of states in the 
environment, supporting the formation of a 
predictive map. Replay of these sequences 
provided a mechanism to update and exploit 
this predictive map, but only after intact en- 
coding of transitional structures of task states 
during learning. Disruption of trajectory-specific 
theta sequences impaired their subsequent 
replay but did not affect the reactivation of 
neuronal assemblies representing those same 
locations. Reactivation and sequence replay 
are therefore dissociable neural processes. 
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rank test, n = 312 compon 


The dependence of replay on learning environ- 
ment transitional structures through theta se- 
quences was highly specific for both space and 
time: Neither disruption of theta sequences 
for the same trajectory traveled in the opposite 
direction nor disruption of previously expe- 
rienced trajectories affected replay. Further- 
more, these results indicate that encoding the 
specific transitions between place cells along 
behaviorally relevant trajectories, rather than 
place field formation per se or global theta- 
timescale dynamics alone, is an instrumental 
mechanism for replay, explaining and extending 


previous observations on the relationship between 
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ents, ***P=1x 10°’), 


theta population dynamics and replay (65-67). 
The disruption of temporally compressed hippo- 
campal sequences impaired flexible memory- 
guided navigation but did not affect the for- 
mation and recall of contextual associations. 
Our results advance a framework to unify 
previously disparate views of hippocampal 
function, including encoding cognitive maps 
for spatial and episodic memory (68-70), pre- 
dictive maps for flexible navigation and plan- 
ning (J0, 16, 17), and multimodal memory 
representations for relational processing (J8, 77). 
We argue that the hippocampal role in encoding 
episodic memories relies on two complementary 
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mechanisms. First, the synchronous coactivity 
of cell assemblies binding different features 
of experience into cohesive representations 
enables the fast encoding of discrete states in 
the world and supports associative memory. 
Second, the formation of a predictive map is 
supported by internally generated hippocampal 
sequences, binding discrete successor states into 
a relational structure. Moreover, our results can 
account for two independent lines of evidence 
supporting previous theories of hippocampal 
predictive coding: predictive sequences and 
“successor representation” place fields. Our 
manipulation impaired the development of 
theta and replay sequences. Previous studies 
have shown that both theta and replay se- 
quences not only reproduce animal recent ex- 
periences but can also construct novel predictive 
representations. Theta sequences encode trajec- 
tories ahead of the animal’s current location 
and can represent alternative paths at decision 
points (44-46). Replay sequences can repro- 
duce never-experienced paths (72, 73) and 
dynamically change to reflect learned task 
contingencies (11, 74-76) or represent available 
paths not yet taken (77, 78). In both cases, 
internally generated hippocampal sequences 
could be conceptualized as a sampling process 
between a series of possible future states from 
a probabilistic generative model, and they 
were both impaired by our manipulation. In 
addition, experience-dependent backward ex- 
pansion and deformation around obstacles of 
place fields are believed to reflect the encoding 
of a predictive map over the locations the 
animal expects to occupy in the near future 
(7, 52). These features were disrupted by our 
manipulation, in contrast to place field forma- 
tion and stability, which may be supported by 
different plasticity mechanisms (79). Together, 
these effects of our manipulation suggest that 
all these “generative” features of hippocampal 
representations are linked by common circuit 
mechanisms. 

Although numerous processes could con- 
tribute to the generation of replay sequences 
(80-83), our results suggest that initial theta 
sequence-mediated STDP is necessary for the 
replay of newly learned spatial trajectories but 
not for memory reactivation. These results 
suggest a hierarchical organization of hippo- 
campal assembly and sequence dynamics. 
Previous work investigating the postnatal 
development of hippocampal dynamics sup- 
ports this dissociation. Synchronous cell as- 
semblies are already present around postnatal 
day 17 in rats, with their reactivation in SWRs 
reflecting encoding of individual locations on 
a maze (84). However, theta sequences and 
replay encoding animal spatial trajectories ap- 
pear only after postnatal day 21 (66, 84). 

The present findings agree with previous 
studies that investigated the contribution of 
the temporal coordinatization of hippocampal 
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spike timing to memory. Pharmacological dis- 
ruption of place cell theta rhythmicity and co- 
ordination, while preserving their rate coding 
properties, impaired spatial memory (85, 86). 
In addition, disruption of the behavioral time- 
scale (on the order of seconds) sequential struc- 
ture of CAI firing responses during temporal 
delays also impaired memory (3/, 87). These 
studies highlight the importance of the precise 
temporal coordination of hippocampal spike 
timing for memory. 

Additional research is still needed to eluci- 
date the precise contribution of different input 
pathways and cell types in the entorhinal- 
hippocampal network to temporal coding and 
sequence generation. MEC inputs reach CA1 
via direct projections from layer III and also 
indirectly via layer II inputs to the dentate 
gyrus, CA3, and CA2 (88). Our manipulation 
was not restricted to either of these input path- 
ways and therefore cannot precisely determine 
their contributions to the generation of CA1 
sequences. Furthermore, a small subset of MEC 
GABAergic cells send direct long-range pro- 
jections to CAI (89). It is possible that our 
manipulation also affected these projections; 
however, their sparsity and the fact that the 
stronger GABAergic projections to CAI arise 
from the lateral rather than the medial en- 
torhinal cortex (90) limit their potential con- 
tribution to the results described here. 

Overall, this study suggests the coexistence 
of complementary associative and predictive 
codes in the hippocampus. This dual code could 
account for the wide range of behavioral func- 
tions attributed to this brain structure in learn- 
ing, memory, navigation, and planning. 


Materials and methods 
Surgical procedures 


Rats (adult male Long-Evans, 300 to 500 g, 3 
to 6 months old) were kept in the vivarium on 
a 12 hour light/dark cycle and were housed 
two per cage before surgery and individually 
after it. All experiments conformed to guide- 
lines established by the National Institutes of 
Health and have been approved by the Cornell 
University Institutional Animal Care and Use 
Committee. 

Silicon probe implantation was performed 
as described previously (41, 51, 91). Animals 
were anesthetized with isoflurane anesthesia 
and craniotomies were carried out under ste- 
reotaxic guidance. Silicon probes (NeuroNexus, 
Cambridge Neurotech, or Diagnostic Biosig- 
nals) were mounted on custom-made 3D-printed 
microdrives to allow precise adjustment of 
the vertical position of sites after implantation. 
The probes were inserted above the target re- 
gion. Craniotomies were sealed with sterile 
wax. Two stainless steel screws were placed 
bilaterally over the cerebellum to serve as 
ground and reference electrodes. Several addi- 
tional screws were driven into the skull and 
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covered with dental cement to strengthen the 
implant. Finally, a copper mesh mounted on a 
3D-printed resin base was attached to the skull 
with dental cement and connected to the ground 
screws to act as a Faraday cage, attenuating 
the contamination of the recordings by envi- 
ronmental electric noise and protecting the 
headgear. Three doses of analgesic were 
administered, with the first dose administered 
prior to surgery in order to cover 72 hours 
total. After post-surgery recovery, probes were 
moved gradually in 50- to 150-m steps per day 
until the desired position was reached. Hippo- 
campal layers were identified physiologically 
by unit activity and characteristic local field 
potential (LFP) patterns (34, 92). 

A variety of different silicon probes were im- 
planted in the dorsal hippocampus [-4.0 to 
4.5 mm anteroposterior (AP) from Bregma and 
2.6 mm from midline (ML)]. Data from some 
of the animals included in this study have also 
been included in a previous study, and surgical 
procedures have been described in more detail 
there (41). 

For optogenetic experiments, rats were also 
implanted with custom-made optic fiber arrays 
(three 200-um core multimode fibers each, 
~500 um apart, connected to a single 2.5-mm 
steel ferrule; Doric Lenses) in both hemispheres 
over the MEC (-7.7/-8.4/-9.1 AP; + 4.6 ML and 
4.7/ 4.3/3.2 mm from the surface of the brain, 
for each fiber respectively). 


Optogenetic experiments 


For optogenetic experiments, rats were in- 
jected with custom-prepared AAV5-mDlx- 
hChR2(H134R)-mCherry from AddGene [plasmids 
were a gift from Dr. Gord Fishell (40)]. Three 
injections per hemisphere were performed 
along the dorsoventral MEC as follows: (i) 
-7.7 AP, +4.6 ML, 4.7mm depth, 200 nl; (ii) 
—8.4 AP, +4.6 ML, 4.3 mm depth, 400 nl; (iii) -9.1 
AP, +4.6 ML, 3.2 depth, 700 nl. After injection, 
craniotomies were sealed, and animals recov- 
ered in the vivarium for 3 weeks. After this 
period, a second surgical procedure for im- 
planting optic fibers and electrodes was per- 
formed, as described above. Optic fiber arrays 
were implanted in the same craniotomies per- 
formed previously for virus injection. For opto- 
genetic stimulation, fiber array ferrules were 
connected with mating sleeves to 450-nm blue 
light-emitting laser diodes coupled to 2.5mm 
steel ferrules (PL-450, Osram). 

Optogenetic perturbations were performed 
by delivering blue light, modulated with a pos- 
itive 53 Hz current sinusoid using an isolated 
current driver (Thorlabs). Light intensity was 
calibrated for each animal during home cage 
recordings by analyzing the suppression of LFP 
gamma power in the stratum lacunosum- 
moleculare during stimulation. A minimum 
and maximum power of 3 and 6 mW, respec- 
tively, was used. In the linear maze task, light 
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stimulation was triggered when the animal 
crossed an infrared sensor near the end of the 
track (but before the reward port located at 
the very end of it) and stopped when it crossed 
a similar sensor at the other end, resulting in 
stimulation only during running periods. In the 
cheeseboard maze and CPP tasks, the same opto- 
genetic stimulation was applied during all runn- 
ing periods in the maze during learning trials. 


Behavioral and electrophysiological recordings 


After surgery, animals were handled daily and 
accommodated to the experimenter, recording 
room, and cables for 1 week before the start of 
the experiments. Before the start of the behav- 
ioral experiment, the animals were water- 
restricted. Electrophysiological recordings 
were conducted using Intan RHD2000 inter- 
face board or Recording Controller (IntanTech) 
and 64-channel digital headstages (IntanTech 
or Diagnostic Biochips), sampled at 20 kHz. For 
all behavior tasks, animal position was re- 
corded with an overhead camera (Basler) and 
tracked with DeepLabCut (93) and custom codes. 


Linear track task 


In the linear track, rats were trained to run 
back and forth to collect small sugar water re- 
wards at both ends. Animals typically per- 
formed between 30 and 80 trials per day. The 
session was terminated when the animal was 
satiated, typically after 40 min. The linear track 
was placed 1 meter above the floor and was 
300 cm long and 7 cm wide with 5- to 10-cm-high 
walls. Water rewards were automatically de- 
livered in reward wells at both ends of the track. 
Baseline and post-task sleep were recorded in the 
home cage before and after the task, respectively. 


Cheeseboard maze task 


The cheeseboard maze was a circular platform 
(120 cm diameter), where the animals learned 
to find three goal wells that contained water 
rewards. A trial was completed once the ani- 
mal had retrieved all rewards and returned 
to the start box to collect an additional food 
pellet reward. The locations of the goal wells 
changed daily but were fixed during a given 
session. This strategy required the animals to 
update their memory for the new goal loca- 
tions in an otherwise familiar environment 
during each session. Note that between trials, 
there was always a delay of ~30 s. Ifthe rat could 
not find all three rewards within 2 min, the 
trial was terminated, and the animal was re- 
turned to the start box. A pre-task test session 
of five trials (with the same configuration as 
the previous day) was run every day to assess 
whether the animal remembered the previous 
day’s positions, followed by a 2-hour sleep ses- 
sion. Next, a 30-trial learning session was con- 
ducted (with or without light stimulation). 
After a 2-hour sleep session after the learning 
trials, a five-trial post-task test session (with 
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the newly learned reward configuration) was 
also conducted to examine whether the animal 
remembered the newly learned locations. Learn- 
ing performance was evaluated as the distance 
traveled from the start box to collect the three 
rewards and divided by the optimal trajectory 
(shortest possible path). A value of 1 then indi- 
cates an optimal path taken by the animal. 
Performance in the post-task test sessions was 
computed in the same way (Fig. 5H), and ad- 
ditionally it was compared directly with the 
learning performance on the final learning trial 
(fig. S10A). An additional measure of perform- 
ance was computed as the proportion of ex- 
ploration time spent within 5 cm the correct 
wells (fig. SIOB). Stim OFF and Stim ON ses- 
sions were alternated in a counterbalanced 
manner across animals. The inclusion of data 
for the analysis required that the animal be 
pretrained for a week in this task. 


Conditioned place preference task 


The CPP task was performed in the same maze 
as in the cheeseboard maze task but separated 
into two compartments by a 30-cm-high wall 
in the midline. Animals had free access to both 
compartments connected by a common corri- 
dor at one end of the maze (Fig. 51). The task 
included three stages spanning 3 days: base- 
line, pairing, and testing. For the baseline stage 
on day 1, animals were allowed to freely ex- 
plore the two compartments for 15 min with 
no reward. A baseline place preference was 
then measured as the difference in active ex- 
ploratory time spent in the two compartments. 
The compartment that animals explored less 
was selected as the rewarded side for the sub- 
sequent pairing sessions. Pairing sessions in- 
cluded one session after the baseline session 
on day 1, two sessions on day 2, and one ses- 
sion before the testing session (see below) on 
day 3. During the pairing sessions, animals 
explored the maze for 20 min, with hidden 
water reward delivered at random locations 
on the rewarded side. On day 3, after the final 
pairing session, a testing session was per- 
formed, during which animals again explored 
the maze without reward for 15 min and the 
place preference was measured as was done 
during the baseline session. Optogenetic stim- 
ulation was delivered when animals actively 
explored the maze during pairing sessions. 
Each CPP session was flanked by sleep record- 
ings (around 2 hours) in the home cage. Learn- 
ing performance of the CPP task was measured 
by comparing the place preference during the 
baseline versus the testing session (Fig. 5L). 


Tissue processing and immunohistochemistry 


After the termination of the experiments, ani- 
mals were deeply anesthetized and perfused 
transcardially, first with 0.9% saline solution 
followed by 4% paraformaldehyde solution. 
The brains were sectioned into 70-um-thick 
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slices (Leica Vibratome). The sections were 
washed and mounted on glass slides with a 
fluorescence medium [Fluoroshield with DAPI 
(4',6-diamidino-2-phenylindole), product no. 
F6057, Sigma, USA]. A confocal microscope (Zeiss 
LSM 800) was used to obtain high-quality photos. 


Computational model 
Architecture 


We built a simplified network model consist- 
ing of 1250 pyramidal cells (PYR) and 100 in- 
hibitory interneurons (INT) in area CA3 and 
1250 pyramidal cells and 100 inhibitory inter- 
neurons in area CA1 using the Brian2 simu- 
lation environment (94). Each neuron was 
modeled as an adaptive exponential leaky 
integrate-and-fire unit with cellular adapta- 
tion (61). Briefly, 


aa _ (aire Vi 
g_AT en (Me *) + Isyn(t) 4 w(t)) 


where V(t) is the membrane potential, C,, is 
the membrane capacitance, g; is the leak con- 
ductance, Vest is the reversal potential of the 
linear leak current, 0 is the spike threshold, AT 
is the threshold sharpness, J,,, is the synaptic 
current, and w(t) is the adaptation current, 
described by 


dw(t) 
dt 


Two = a( V(t) Veest) w(t) 


where the parameter a describes the strength 
of the subthreshold adaptation. The synaptic 
current J,y, Was computed as 


Tsyn(t) = Sampa(t)(V(t) — Eexe) + 


Scasa(t)(V(t) — Einn) 


where E£,x. = O mV and Ejy, = -70 mV are the 
reversal potentials of excitatory and inhibitory 
currents, respectively. Synapses were modeled 
as conductances with biexponential kinetics (67). 


Synapses 

Within each area, PYR—INT connectivity oc- 
curred at 10% probability, and INT—INT and 
INT— PYR connectivity occurred at 25% prob- 
ability. Whereas PYR—PYR connectivity was 
absent from CAI, CA3 PYR cells projected at 10% 
probability to PYR from both CA3 and CAI, mod- 
eling recurrent CA3 connectivity and CA3 in- 
puts into CAI, respectively. Synaptic parameters 
were used as previously reported (67), with 
the modification that synaptic weights were 
initialized to follow a lognormal distribution 
exp(M(0,1) x Winit, Where weh3 C3 — 0.3 and 
where wf#3-C! — 0.7. To simulate learning as 
a result of the activity during exploration, STDP 


9 of 16 


RESEARCH | RESEARCH ARTICLE 


was modeled for PYR—PYR synapses alone, 
where synaptic weights are updated according 
to an additive pair-based learning rule as follows 


At 
Aw, = Ay exp(- =) at tpost If tore < tpost 
TH} 


At 
Aw_ = A_ exp (- ~) at tore if tore > tpost 
Gs 


CA3—CA3 STDP followed a symmetric rule, 
where A, = A_ = 80 pA, and rt, = t_ = 62.5 ms, 
while CA3—>CA1 STDP followed an asymmetric 
rule, where A, = 800 pA, A_ =-A, x 0.4,t, = 
20ms, and t_= 40ms. All weights were 
cropped at Wmax = 40 nS. 


Exploration phase 


Spike trains of PYR cells during exploration 
were generated as previously described (67). 
Briefly, 10% of all pyramidal cells in each re- 
gion were designated as place cells, and place 
fields were randomly distributed along a 3-m- 
long simulated linear track. Exploration was 
simulated as 10 min of exploration time while 
the rat ran along the linear track at 50 cm/s. 
Silent cells (nonplace cells) fired at 0.01 Hz, 
and place cell spikes were sampled from a 
Poisson process at 20 Hz, with the sampling 
procedure ensuring an inhomogeneous Pois- 
son process with a time-dependent rate A(d), 
which was the product of a Gaussian tuning 
curve (representing the neuron’s place field) 
with width o = 7 cm (yielding 7 = 30 cm place 
fields) and a theta component. The theta com- 
ponent was either a phase precession compo- 
nent to simulate the sequences of the Stim 
OFF condition or a phase-locking component 
to simulate the lack of sequences but preserved 
theta-cycle coactivity in the Stim ON condition. 
The Stim OFF theta component was 


0 (t) = cos (ant + 50 (a(t) — “)) 


where Q represents the proportion of the 
linear track that the place field spans and 
takes numeric value of 30-cm field over 300-cm 
linear track or 0.1, and x’ is the position of the 
place field of cell 7. 

The Stim ON theta component was a phase- 
locking component designed to yield the same 
phase-locking value as the other condition’s 
theta precessing component but abolishing 
sequential order of spikes 


ON, 4) — is a2 
er (t) = cos( anf + ram alet 3)) 


where / is the length of the track (3 m), and 
N(E,6) is a normal distribution with mean £ 
and standard deviation §. 
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Offline phase 

Before and after exploration-triggered STDP, 
the network was simulated using Brian2 to 
respectively model pre (baseline) and post 
“sleep” sessions. To drive the network, each 
CA3 pyramidal cell received random inputs 
in the form of uncorrelated Poisson spike 
trains with a pooled mean rate of 15 Hz. 
Under these conditions, the network spon- 
taneously generated population burst events 
(akin to SWRs). 


Analysis 


All the modeling steps described above were 
performed n =10 times with different random- 
ly generated initial conditions determining 
place field locations, initial weights, etc. This 
resulted in n = 10 simulated sessions, in which 
theta sequences, replay, and reactivation were 
analyzed applying the same methodology and 
parameters as we did to analyze experimental 
data described above. 


Spike sorting and unit classification 


Spike sorting was performed semiautomatical- 
ly with KiloSort (95) (https://github.com/cortex- 
lab/; KiloSort), followed by manual curation 
using the software Phy (https://github.com/ 
cortex-lab/phy) and custom designed plug-ins 
(https://github.com/petersenpeter/phy-plugins) 
to obtain well-isolated single units. Cluster 
quality was assessed by manual inspection of 
waveforms and autocorrelograms, and by the 
isolation distance metric. Multiunit, noise clus- 
ters, or poorly isolated units were discarded for 
analysis. Well-isolated units were classified 
into putative cell types using the Matlab pack- 
age CellExplorer (96) (https://github.com/ 
petersenpeter/CellExplorer). Spiking char- 
acteristics, including the autocorrelograms, 
spike waveforms, and putative monosynap- 
tic connections derived from short-term cross- 
correlograms, were used to select and charac- 
terize well-isolated units. Three cell types were 
assigned: putative pyramidal cells, narrow 
waveform interneurons, and wide waveform 
interneurons. Two key metrics used for this 
separation were burst index and trough-to- 
peak latency. Burst index was determined by 
calculating the average number of spikes in 
the 3- to 5-ms bins of the spike autocorrelo- 
gram divided by the average number of spikes 
in the 200- to 300-ms bins. To calculate the 
trough-to-peak latency, the average waveforms 
were taken from the recording site with the 
maximum amplitude for the averaged wave- 
forms of a given unit. 


Detection of brain states 


State scoring was performed as previously de- 
scribed (41, 57). Briefly, the LFP was extracted 
from wide-band data by lowpass filtering (syne 
filter with a 450 Hz cutoff band) and down- 
sampling to 1250 Hz. Broadband LFP, nar- 


20 October 2023 


row-band theta frequency LFP, and estimated 
electromyogram (EMG) were used for state 
scoring. Spectrograms were computed from 
broadband LFP with a fast Fourier transform 
in 10-s sliding windows (at 1 s), and a principal 
components analysis was computed after a 
Z-transform. The first principal component 
reflected power in the low (<20 Hz) frequency 
range, with oppositely weighted power at 
higher (>32 Hz) frequencies. Theta dominance 
was quantified as the ratio of powers in the 5 
to 10 Hz and 2 to 16 Hz frequency bands. EMG 
was estimated as the zero-lag correlation be- 
tween filtered (800 to 600 Hz) signals across 
recording sites (55). Soft sticky thresholds on 
these metrics were used to identify states. High 
LFP principal component 1 and the low EMG 
were considered non-REM, the high theta and 
low EMG were considered REM, and the remain- 
ing data were taken to reflect the waking state. 

For analysis of neural activity during active 
behavior (e.g., place cell and theta sequence 
analysis), only periods in which the animals 
run faster than 5 cm/s were included. 


SWR detection 


To detect SWRs, one channel around the CA1 
pyramidal layer was chosen for the ripple de- 
tection, and one channel from CA1 stratum 
radiatum was chosen for sharp wave detection. 
The difference between the two channels was 
used as the basis for SWR detection. This dif- 
ference signal was filtered with a low-pass filter 
at 55 Hz, and then local minima were detected 
as candidate events. The corresponding ripple 
power (amplitude of the difference signal in the 
bandpass 80 to 250 Hz) for each candidate 
event was recorded. A true event was considered 
when both a sharp wave and ripple oscillation 
were detected in the same window. K-means 
clustering was used to define clustering of SWR 
from non-SWR events, and manual curation 
was used to better define the boundary and 
remove outliers. The events were then expanded 
until the (Nonclipped) ripple power fell below 
1 SD; short events (<15 ms) and longer events 
(>400 ms) were discarded. 

To refine the detection of SWR start and 
end points for reactivation and replay analyses 
Gin order to avoid including empty bins), we 
detected population burst events as periods 
when the instantaneous population firing 
rate (binned in 1-ms bins and smoothed with a 
Gaussian kernel with 10-ms width) reached a 
peak of >2 SD and remained greater than the 
mean. The SWR start and end time points 
were set as the start and end time points of the 
population burst within the respective SWR, 
and SWRs without population bursts were 
discarded. 


Place cell analysis 


Spiking data and the tracked animal’s posi- 
tion were binned into 3-cm-wide segments of 
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the camera field projected onto the maze floor, 
generating raw maps of spike counts and oc- 
cupancy. A Gaussian kernel (SD = 3 cm) was 
applied to both raw maps of spike and oc- 
cupancy, and a smoothed rate map was con- 
structed by dividing the spike map by the 
occupancy map. Independent rate maps were 
constructed for the different running direc- 
tions in the mazes. Only periods in which the 
animal velocity was >4 cm/s were included. 
A place field was defined as a continuous re- 
gion of at least 15 cm”, where the mean firing 
rate was >10% of the peak rate in the maze, 
and the peak firing rate was >3Hz. 

Spatial information (SI) for individual place 
cells was obtained from the linearized rate 
maps (97) 


SI = Spi tog. 
i=l 


where N is the total number of spatial bins, 
p; is the probability of occupancy, and A; is 
the firing rate in the 7th spatial bin, and ( the 
average firing rate of the cell. To measure the 
experience-dependent change of SI across laps 
in each condition, the mean and standard de- 
viation of SI across all cells within a condition 
group were calculated, and the SI was then 
z-scored for that condition (Fig. 3B). 

To identify cells that discriminate between 
the two sides of the CPP task, we constructed a 
vector for each cell containing the mean firing 
rate for every movement interval that the ani- 
mal spent in each of the two halves. We then 
performed a one-tailed Wilcoxon rank sum test 
between the firing vectors in the two halves, 
and cells for which this comparison was sig- 
nificant were identified as cells with firing 
specific to that respective half. To quantify 
discrimination in post-task sleep, pairwise post- 
task sleep correlations (Cposr, see below) were 
compared between pairs of cells specific for the 
same half versus pairs of cells that were specific 
for opposite halves of the environment. 


Population vector analysis 


To estimate the stability of the population 
code in the Stim OFF and Stim ON conditions, 
we performed population vector analysis as 
described previously (98). Briefly, we measured 
the correlation between the population firing 
curves in even and in odd trials for each run- 
ning direction, and we compared this value 
with the value obtained in surrogate data, in 
which cell identity was shuffled across even 
and odd trials. 

In addition, we performed a cross-correlation 
between the population firing curves in even 
and odd trials separately for each pair of spa- 
tial bins (fig. S3, A and B). To estimate rep- 
resentation stability, we computed the “error” 
defined as the distance between the peak 
correlation for each spatial bin (each of the 
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columns of the matrix) to the diagonal. To 
statistically test the directionality of the hippo- 
campal code, we compared the representation 
stability within a given direction (even versus 
odd trajectories in the same direction) to the 
stability of the representation between the two 
directions of movement (even trajectories in 
one direction versus odd trajectories in the 
other direction). 


COM shift 


To measure PF shifting across laps (Fig. 3D), 
we used place cells that had PFs on the linear 
track, and calculated the center-of-mass (COM) 
of PFs for each lap n (COM,,) (99) 


COM, = DoE Reai 


7 FR 


where FR; is the firing rate in the spatial bin 7, 
and ; is the distance of the spatial bin 7 from 
the start of the running trajectory. For each 
lap, COM shift was then measured as the dif- 
ference between the first lap and the current 
lap. To prevent any edge effect, only PFs with a 
peak location outside the two ends of the track 
(i.e., defined by 20% of the track length) were 
included. For place cells with multiple PFs, 
only the primary PF (with the maximal peak 
rate) was included. 


Place field eccentricity 


To calculate the eccentricity of 2D place fields 
in the CPP task (fig. S12), we first defined the 
PF boundary on the 2D rate maps. PF was first 
defined as the area with firing rates larger 
than 40% of the peak rate. This area was fur- 
ther refined with a series of morphological 
operations: opening, closing, and infill, with 
Matlab functions imopen, imclose, and im/fill, 
respectively. PF boundary was then detected 
on the resulting binarized image using the 
Matlab function bwboundaries. The eccentric- 
ity of the detected PF was measured using the 
Matlab function regionprops. For place cells 
with multiple PFs, only the primary PF (with 
the maximal peak rate located within the PF 
boundary with the maximal size) was included. 
The boundary and nonboundary cells were 
defined as the cells with the peak of the pri- 
mary PF located within and outside 15 cm of 
the wall, respectively. 


Phase precession 


Phase precession analysis was performed as 
previously described (34, 100). Circular-linear 
regression between relative position within 
the place field and theta phase was applied 
to calculate the phase-precession slope and 
correlation strength (101). The slope and cor- 
relation strength (77) of phase precession were 
derived from this circular-linear regression 
analysis. 
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Theta compression 

Theta compression analysis was performed as 
described previously (102), independently for 
the Stim OFF and the Stim ON direction. 
Briefly, for each pair of overlapping place cells, 
we computed (i) the distance between their 
place field peaks and (ii) the theta time lag. 
To qualify pairs with a significant theta time 
lag, we computed a coarse cross-correlogram 
for each cell pair using for durations +1 s using 
5-ms bins. Cell pairs with a peak in this coarse 
correlogram within +100 ms with at least five 
spikes in the peak bin were deemed signifi- 
cant, and other cell pairs were excluded from 
this analysis. To compute the theta time lag 
for the selected cell pairs, cross-correlograms 
were restricted to in-field spikes during run- 
ning periods of the respective direction (Stim 
OFF versus Stim ON) using 1-ms bins, and 
each cross-correlogram was filtered with a 
bandpass filter between 2 and 30 Hz. The 
time of the cross-correlogram peak was defined 
as the theta time lag of the pair of place cells. 
Theta compression slopes were computed by 
performing linear regression between the dis- 
tance between the place field peaks and the 
theta time lags. 


Linearizing positions on the cheeseboard maze 


Positions on the cheeseboard maze were lin- 
earized along an optimal trajectory, connecting 
the start box with the three rewarded loca- 
tions for that session (with the closest reward 
locations connecting directly to the start box). 
The animal’s linearized position was defined 
as the relative position along the optimal 
trajectory closest to the animal’s current 
position. To decode animal position from neu- 
ronal activity (for theta sequence and replay 
analyses), we only retained periods when this 
linearized position described the current ani- 
mal’s position well, defined as periods in 
which (i) the error distance between the opti- 
mal trajectory and the actual animal position 
was within 20 cm and (ii) the animal running 
speed along the optimal trajectory was at 
least 10 cm/s. To decode replay of familiar 
routes to previously learned trajectories (fig. 
S7), we modified the above procedure to de- 
fine the linearized trajectory: Instead of using 
the three currently rewarded locations, we used 
the three rewarded locations from the previ- 
ous day’s session. 


Decoding animal position from neuronal activity 


To decode position from place cell activity 
during both theta states and replay, we used a 
Bayesian reconstruction approach as described 
previously (65). Briefly, we computed the aver- 
age firing rate probability ro (x) and MON (a) 
for each pyramidal cell 7 at position x as the 
normalized firing rate curve (spatial bin size: 
1.5 cm) of the cell during running epochs in 
the OFF and the ON direction, respectively, 
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which constituted the training step in our 
decoder. To then decode the animal posi- 
tion from the neuronal activity as expressed 
by the firing rate vector n in a particular 
window of width ts, we estimate the proba- 
bility P(@|n) 


P(a|n) = 


where spikes are assumed to fire as indepen- 
dent Poisson processes 


_ I (Ae(a) - 1) eo h(a)t 
7 


P(r) =T], 


a 


We applied the same procedure to decode 
linearized positions on the cheeseboard maze, 
using periods of movement along the line- 
arized trajectory in which the animal stayed 
within 20 cm of the optimal trajectory to train 
the decoder. 


Theta sequences 
Theta reconstruction matrices 


To decode the animal position during theta 
cycles, we trained Bayesian decoders for the 
OFF and the ON directions as described above 
and decoded the animal position during run- 
ning periods in the OFF and the ON direction, 
respectively, using t = 20 ms bins with 5-ms 
sliding window. We then computed theta re- 
construction matrices for each theta cycle while 
the animal was running in the OFF and the ON 
direction by dividing the cycle in 500 temporal 
bins and interpolating the respective (OFF or 
ON) decoded position. The same procedure 
was applied to construct theta reconstruction 
matrices for Stim OFF and Stim ON cheese- 
board sessions using the linearized cheeseboard 
position during periods of movement along the 
linearized trajectory and stayed within 20 cm 
of the optimal trajectory. 


Theta cycles 


To detect theta cycles, we first detected deep 
and superficial CA1 sublayers using the depth 
profile of SWRs as described previously (57) 
and selected the deep CAI channel with the 
highest theta power in the normalized spec- 
trum. Theta cycles were defined as the peaks 
in the LFP filtered in the theta band during 
running periods, and cycles shorter than 100 ms 
or longer than 200 ms were excluded from 
further analyses. To correct for the phase shift 
that can occur in different sublayer depth of 
the theta channel, the final theta cycles were 
shifted to ensure that the theta peaks were de- 
fined as the phase of maximal uncertainty of 
the theta reconstruction matrices, where un- 
certainty u was defined as u= —max{P(z|n)}. 
Theta peaks correspond 0° (0 rad. ) and 360° 
(2n rad.) and troughs at 180° (x rad.) and 540° 
(3n rad.) of theta waves. 
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Theta sequences 

To quantify theta sequence, we applied the 
measures of quadrant scores and weighted 
correlation on the theta reconstruction mat- 
rices for each cycle. To compute the quadrant 
score, we divided the central region in the 
theta reconstruction matrix that was within 
50 cm of the animal’s current location and 
within in of the theta trough (rn) into four 
equal quadrants, and computed the ratio be- 
tween the probability within quadrants IT and 
IV (representing directions consistent with 
the animal’s running direction) and the prob- 
ability within quadrants I and III (represent- 
ing directions incongruent with the animal’s 
running direction). The weighted correlation 
measured the correlation between time ¢ and 
location / weighted by the decoded probability 
values p within the reconstruction matrix 


cov(t, Ip) 
)eov(l, lip) 
where 
mt — mL 
cv dp) = Date= mabe) = ml) 
Pi 
ts le pil; 
m(t|p) x and m(I|p) = Dp 
Pi > pi 


The look-ahead index of theta sequences is 
calculated as in previous reports (46). In brief, 
we recomputed the reconstruction matrix quad- 
rants, this time extending the reach to use all 
decoded probabilities within 1 m of the ani- 
mal’s current location. The look-ahead index 
was measured by comparing the probabilities 
in the quadrants ahead (quadrant IV, future) 
and behind (quadrant I, past) in the second 
half of theta phases, as (IV - D/(IV + D. 


Replay analysis 

Candidate replay events 

We first detected periods of elevated pyra- 
midal cell population activity as defining periods 
when the instantaneous firing rate (1-ms bins, 
smoothed with a Gaussian kernel of width 
10 ms) was greater than the mean and reached 
a peak of >2SD above the mean during the 
session. Candidate events were between 100 
and 500 ms in duration, and they each over- 
lapped with an independently detected SWR; 
otherwise they were excluded from further 
analyses. 


Quantifying replay 

We decoded the animal position for the OFF 
and the ON direction during each candidate 
replay event using non-overlapping t = 20 ms 
bins (but see fig. S7A for replay results with t = 
40 ms and t = 60 ms). OFF and ON direction 
replay were scored independently. To assess 
replay quality, we computed trajectory scores 
of the reconstruction matrices (103). Briefly, 
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each reconstruction matrix was fitted with a 
line (of slope a and intercept b) maximizing 
the average likelihood R that the animal is 
located within a distance d (set to 22.5 cm) of 
the linear trajectory defined by the slope a 
and intercept b 


1 


y= 25? (|pos - (p - v-k- Aé|< d)) 
k=0 


The score of each event was normalized by 
subtracting the mean and dividing by the stan- 
dard deviation of a distribution of 500 shuf- 
fled scores obtained by independently shifting 
each of the columns of the event’s reconstruc- 
tion matrix along the spatial dimension by a 
random distance. An event with a score ex- 
ceeding the scores of 95% of its shuffled scores 
was considered significant. To quantify replay, 
we normalized the proportion of significant 


events during awake behavior or post-task ~ 


sleep by subtracting the mean proportion of 
significant events in pre-task sleep. 

In a control analysis, we corrected for the 
differences in decoding quality between Stim 
OFF and Stim ON trajectories (fig. S7C). For 
this purpose, downsampled units before decod- 
ing the Stim OFF trajectories by progressively 
dropping units until the average decoded 
error in Stim OFF trajectories was larger than 
the average decoded error in Stim ON trajec- 
tories, and we recomputed replay events for 
Stim OFF trajectories using this more limited 
sample (fig. S7C). 

We performed an additional quantification 
of replay, where for each replay event we com- 
puted the weighted correlation and the jump 
distance. The weighted correlation measures 
the correlation coefficient between time and 
decoded space, and jump distance was defined 
as the maximum distance between the peak 
decoded positions in two successive time bins of 
the same event. Trajectory events were defined 
as the events with high weighted correlation 
(>0.6) and low jump distance (<’75 cm), and to 
assess whether the number of trajectory events 
exceeded chance, we compared the number 
trajectory events in the recorded data with the 
number of trajectory events in surrogate data 
where cell identities were shuffled 500 times. 
This comparison yielded a P value (the propor- 
tion of shuffled datasets with as many or more 
trajectory events than those observed in the 
original dataset), and we generated a signifi- 
cance matrix of P values for progressively stricter 
weighted correlation thresholds (0.6, 0.65, 0.7, 
0.75, 0.8, 0.85, 0.9, 0.95) and jump distance 
thresholds (75cm, 62.5cm, 50cm, 37.5 cm, 
25 cm, 12.5 cm). 


Pairwise bias correlations 


The above replay analyses test for the replay of 
stereotypical trajectories and are not directly 
applicable to the trajectory-free behavior in the 
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CPP task. To assess whether the order of unit 
spiking in behavior is preserved in these se- 
ssions, we computed the similarity between 
behavioral sequences and SWR sequences 
using a pairwise bias correlation method 
(65). Briefly, we computed a bias matrix B;, for 
each sequence k 
Be = Mel) _ ; 
My(Z) « Me (J) 


where 7;(7) is the number of spikes emitted by 
neuron 7 in the Ath sequence, and 7;(i, 7) is the 
number of times neuron 7 spiked before neu- 
ron j in the Xth sequence (see fig. S12F for an 
example). B;(7, 7) therefore reflects the bias of 7 
to spike before j in the Ath sequence, taking 
values between O (z never precedes j) and 1 (7 
always precedes j), with 0.5 representing no 
bias (Z precedes j half of the time). The cor- 
relation between two sequences can be esti- 
mated as the cosine between their skew-bias 
matrices as each bias matrix is unwrapped 
into a vector 2B;, - 2 (this normalization is to 
achieve a range of values between -1 and 1, 
assuring that two mirror sequences would 
have opposite signs with vectors pointing 
in opposite directions). The activity of cells 
that are not common to the two sequences 
is ignored. 

To test whether the order of firing in be- 
havior was preserved in post-task sleep, we 
computed the mean bias matrix of all se- 
quences taking place in theta cycles during 
the task in a given recording session. We com- 
puted the correlation (cosine) between this 
bias matrix and each of the bias matrices de- 
scribing sequences in post-task sleep SWRs. 
We compared this correlation with a shuffled 
distribution obtained by recomputing the cor- 
relation after shuffling the spikes sequence 7 = 
100 times and deemed as significant those se- 
quences with correlations whose absolute value 
exceeded 5% of the shuffled distribution. We 
normalized the proportion of significant events 
by subtracting the mean proportion of signifi- 
cant events in pre-task sleep. 


Coactivity and reactivation analysis 

Cofiring 

Each spike train was binned in individual theta 
cycles, and the cofiring of a pair of cells was 
defined as the Pearson correlation coefficient 
of the binned firing rates of the two cells 
across all theta cycles in the recorded session. 
The matrix of Pearson correlation coefficients 
was called the cofiring matrix C. 


Explained variance 

Explained variance (EV) was quantified as pre- 
viously described (104). Briefly, for each session, 
we computed the proportion of the variance 
in the population spiking activity in post-task 
sleep that is explained by task-related activity, 
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after taking into account correlations pre- 
existing in sleep before the experience 


2 


TC,Ceosr_ ~ TC.Cpre Cpost.Cere 


2 2 
VG = 12 ozs) ¢ ~ cea) 


where C, Cpr, and Cposr refer to the cofiring 
matrix and the correlation matrices across 
SWRs in pre- and post-task sleep, respectively, 
and 74, describes the correlation coefficient 
between the pairwise correlation matrices A 
and B. EV was computed for each recorded 
session separately, and it was compared with 
the control value of reverse explained variance 
(REV) obtained by recomputing EV after swap- 
ping Core and Cpost- 


EV = 


Pairwise reactivation 


For the pairwise reactivation analyses, we 
used linear regression between Cpogr and Cprg 
to remove the portion of the variance in Cposgr 
that can be explained by preexisting pat- 
terns, and we correlated the resultant resid- 
uals CrEsIDUAL with C (105). 

For the CPP reactivation analysis, we iden- 
tified cells that had a preference for each of the 
two sides of the maze by computing each cell’s 
firing rate for every movement period that the 
animal spent moving in each of the two sides 
of the maze. Cells with a significant preference 
(Wilcoxon rank sum test, alpha a = 0.05) were 
divided according to the sign of their prefer- 
ence between rewarded-side responsive cells 
and unrewarded-side responsive cells. We then 
compared Cprstpuar (See above) in pairs of 
rewarded-side responsive cells versus pairs of 
unrewarded-side responsive cells. 


Cell assembly analyses 


For detecting cell assembly patterns, we used 
an unsupervised statistical framework based 
on a hybrid principal components analysis (PCA) 
followed by independent component analysis 
(ICA) as previously reported (49, 106-108). In 
brief, spike trains of each neuron were binned 
in 25-ms intervals for the whole session (in- 
cluding only task periods during movement), 
the matrix of firing correlation coefficients for 
all pairs of neurons were constructed. Next, we 
calculated the number of assemblies on the 
basis of those principal components whose 
eigenvalues exceeded the threshold for ran- 
dom firing correlations (using the Marchenko- 
Pastur law). This method provides a number 
of significant patterns smaller than the num- 
ber of neurons. Each of these patterns explained 
more variance of the spike train correlation ma- 
trix than other patterns that would result from 
independently firing neurons. Independent 
component analysis (fast-ICA algorithm) was 
then used to determine for each assembly 
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(component) the vector of weights with which 
each neuron’s firing contributes to that as- 
sembly. The strength of each assembly 7’s ac- 
tivation for a given time bin # was computed 
as follows 


Siz = Zp PZp 


where Z is the population activity matrix of the 
z-scored firing rate of each unit, and P is the 
outer product of the component 7’s weights, in 
which the diagonal has been set to zero so that 
isolated spikes from individual units do not 
contribute to S. 

Most of the detected assembly patterns con- 
sisted of a few neurons with high weights and 
a large group of neurons with weights around 
zero. Assembly members were thus consi- 
dered those cells whose weight exceeded the 
mean weight of the assembly by two standard 
deviations (107). 

To produce the assembly activity profiles in 
fig. SOB, we took the assembly activation strength 
during the last hour of cumulative baseline 
sleep and the first hour of cumulative post- 
task sleep, excluding periods outside of non- 
REM sleep. During the task, we took the 
assembly activation strength during running 
in Stim OFF and Stim ON trajectories sepa- 
rately. Because the exploration time is variable 
between sessions, instead of absolute elapsed 
time, we divided the Stim OFF and Stim ON 
exploration time into quantiles. 

Assembly activation events were detected as 
peaks in the assembly activation strength ex- 
ceeding a value of 5 (109). The point process of 
assembly activation events during behavior in 
the task was used to compute the spatial infor- 
mation content of assembly activity in fig. S4G. 
The order of assembly activation events in 
SWRs was analyzed in fig. S9E as follows. For 
each SWR in which at least three assemblies 
were active, we correlated the timing of assem- 
bly activations within an event to the respec- 
tive positions (that is, the location of peak 
activity for a given assembly). We took the 
absolute value of the Spearman’s rank-order 
correlation coefficient p to account for reverse 
replay. To correct for coefficient variation with 
the number of assemblies (e.g., fewer points 
yield higher correlation coefficients) and the day 
of the recording, we subtracted from each 
coefficient p a baseline value p” defined as the 
mean p of SWRs recorded pre-task sleep of the 
same session with a matching number n of 
assembly activations. 


Spectral analysis, cross-frequency coupling, and 
spike-LFP coupling 

To obtain the phase of the theta rhythm, one 
LFP channel was selected as explained above. 
LFP was bandpass-filtered in the range of 5 to 
15 Hz. Theta phase was then computed using 
the Hilbert transform of the filtered LFP. 
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Cross-frequency coupling 

To perform spectral analysis at a high resolu- 
tion in time and frequency, the complex wave- 
let transform (CWT) of the LFP (or ICs) was 
calculated using complex Morlet wavelets. 
Wavelets were calculated using a logarith- 
mically spaced frequency vector in the band 
of interest (25 to 200 Hz). Phase-amplitude 
cross-frequency coupling for a given LFP re- 
cording was assessed using the modulation 
index measure (MI) (/J0). Phase time-series 
were binned into phase intervals and the mean 
wavelet amplitude was calculated for each of 
them. The MI was obtained by measuring the 
divergence of the observed amplitude distribu- 
tion from the uniform distribution. The sta- 
tistical significance of the MI values (P value) 
was assessed by a surrogate analysis (n = 1000 
surrogates) with random shifts between the 
phase and amplitude time series. For the pres- 
ented plots, grand averages were calculated as 
the mean across all animals, unless otherwise 
indicated, and MI reported were significant 
[P < 0.01 compared with surrogate distribu- 
tion (34, 55)]. 


Spike-LFP coupling 

The phase-locking of spikes to LFP features at 
each frequency was measured for individual 
units using the wavelet phase from 25 to 200 Hz 
(30 logarithmically spaced wavelet scales) at 
the time of each spike (34, 55). Only neurons 
that fired at least 100 spikes during the se- 
lected task intervals were included in the analy- 
sis. Reference LFP was taken 200 to 400 nm 
away from the electrode, where the unit was 
recorded to minimize spike energy leakage into 
the LFP. Modulation indices were calculated 
using the mean resultant length of the phases, 
and significance was estimated using the Ray- 
leigh test for nonuniformity (P < 0.05) using 
circular statistics. Preferred frequency of mod- 
ulation was determined as the largest mean 
vector length of each significantly modulated 
neuron. The mean angle of the phases for a 
given neuron’s spikes was taken as the pref- 
erred phase. 


Independent component and current 
source density analysis of LFPs 


To separate the different sources that con- 
tribute to the LFP mixed signal, we used an 
approach based on independent component 
analysis (ICA) that has been described and 
validated previously for hippocampal record- 
ings (41, 55, 111). Here, we applied ICA to 
spatially contiguous LFP channels after 
filtering in the gamma band (25 to 200 Hz). 
The ICA algorithm (runinca) (/72) takes a 
time series of data with dimension equal to 
the number of recording sites and returns a 
time series of the same dimensionality, but 
rotated so that each dimension represents a 
different IC. The inverse of the mixing matrix 


Liu et al., Science 382, eadi8237 (2023) 


that transforms the LFP data into the ICs gives 
the channel weight of each component that 
is captured for each recording site. When 
projected back to the anatomical location of 
the recording site, this corresponds to the 
spatial voltage loadings of each IC (41, 55, 111). 
Once ICs have been extracted from the raw 
LFP traces, they can be analyzed as if they 
were active independently from activities at 
other locations. 


Hierarchical bootstrap 


Hierarchical bootstrap (173) was performed to 
analyze data with hierarchical structure. Briefly, 
bootstrap datasets were created by resampling 
with replacement following levels of hierar- 
chical order (in the order of animals followed 
by sessions). The mean of each resampled boot- 
strap data was calculated each time, in a total 
of 1000 resampling times. The final statistics 
were done on the populations of resampled 
data from the different experimental condi- 
tions. P value indicated the test result that the 
values of one condition were higher than the 
values of the other condition after controlling 
for the other nesting variables. 


Statistical analyses 


Statistical analyses were performed with MATLAB 
functions or custom-made scripts. No specific 
analysis was used to estimate minimal popu- 
lation sample or group size, but the number of 
animals, sessions, and recorded cells was larger 
or similar to those used in previous related 
works (41, 65, 66, 75, 92). The unit of analysis 
was typically identified as single neurons or 
assemblies. In a few cases, the unit of analysis 
was sessions or animals, and this is stated in the 
text. Unless otherwise noted, nonparametric 
two-tailed Wilcoxon rank sum (equivalent to 
Mann-Whitney U test) or Wilcoxon signed- 
rank test was used for unpaired and paired 
data, respectively. For multiple comparisons 
following analysis of variance (ANOVA), Tukey’s 
honest significant difference post-hoc test was 
used. All statistical tests were two-sided, unless 
otherwise specified. Throughout the manuscript, 
statistical significance is indicated by asterisks: 
*P < 0.05, **P < 0.01, ***P < 0.001. 

On box plots, the central mark indicates the 
median; bottom and top edges of the box 
indicate the 25th and 75th percentiles, respec- 
tively; and whiskers extend to the most extreme 
data points not considered outliers. Outliers are 
not displayed in some plots but were included 
in statistical analysis. Owing to experimental 
design constraints, the experimenter was not 
blind to the manipulation performed during 
the experiment (i.e., optogenetic manipulation). 
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SOLAR CELLS 


Stabilized hole-selective layer for high-performance 
inverted p-i-n perovskite solar cells 


Zhen Li'}, Xianglang Sun 2+, Xiaopeng Zheng® ++, Bo Li‘, Danpeng Gao’, Shoufeng Zhang", 
Xin Wut, Shuai Li’, Jianqiu Gong’, Joseph M. Luther®, Zhong’an Li?*, Zonglong Zhu’* 


P-i-n geometry perovskite solar cells (PSCs) offer simplified fabrication, greater amenability to charge 
extraction layers, and low-temperature processing over n-i-p counterparts. Self-assembled monolayers (SAMs) 
can enhance the performance of p-i-n PSCs but ultrathin SAMs can be thermally unstable. We report a 
thermally robust hole-selective layer comprised of nickel oxide (NiO,.) nanoparticle film with a surface-anchored 
(4-(3,11-dimethoxy-7H-dibenzo[c,g]carbazol-7-yl)butyl)phosphonic acid (MeO-4PADBC) SAM that can improve 
and stabilize the NiO,/perovskite interface. The energetic alignment and favorable contact and binding 
between NiO,/MeO-4PADBC and perovskite reduced the voltage deficit of PSCs with various perovskite 
compositions and led to strong interface toughening effects under thermal stress. The resulting 1.53-electron- 
volt devices achieved 25.6% certified power conversion efficiency and maintained >90% of their initial 
efficiency after continuously operating at 65 degrees Celsius for 1200 hours under 1-sun illumination. 


hosphonic acid self-assembled mono- 

layers (SAMs) with a carbazole core have 

enabled performance advances in perov- 

skite solar cells (PSCs), for both single- 

junction (J-4) and perovskite-based 
tandem solar cells (5-9), because of their high 
hole selectivity, fast hole transfer rate, and low 
interfacial trap state density (J0-13). However, 
compared with conventional polymeric and 
metal oxide hole transporting materials, SAM- 
based PSCs have exhibited poorer thermal sta- 
bility (14-18). The investigation of the device’s 
operational stability, with electrical bias under 
maximum power point (MPP) operation or at 
open-circuit voltage (Voc), under elevated tem- 
peratures (65° to 85°C) is critical to improve the 
confidence in their stability and to meet the 
qualification of international stability standards 
(.e., International Summit on Organic Photo- 
voltic Stability ISOS) and International Electro- 
technical Commission 61215 standards) (19). 
Whereas most studies on the SAM-based PSCs 
have reported the operational stability at room 
temperature or enhanced the device’s durability 
under thermal stress by stabilizing perovskite 
surface and bulk (20, 27), the degradation effect 
of SAM-forming molecules under elevated tem- 
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perature (>65°C) have rarely been discussed 
(fig. S1 and table S1). The thermal stability of 
SAM-forming molecules depends largely on 
their bonding to the selected substrates, as 
the bond between the anchoring group and the 
spacer of the molecule can be broken through 
temperature-induced desorption (22-25). 

We report a new SAM, (4-(3,11-dimethoxy- 
7H-dibenzo[c,g]carbazol-7-yl)butyl)phosphonic 
acid (MeO-4PADBC), which we anchored to 
the NiO, film to fabricate inverted p-i-n PSCs 
(fig. S2). The NiO,/MeO-4PADBC exhibited an 
optimal dipole moment and amenable surface 
for favorable contact with perovskite that re- 
sulted in an ideal energetic alignment, fast hole 
extraction, and low defect density. Such an 
interface configuration also immobilized the 
SAM molecules at the NiO,/perovskite inter- 
face and produced a robust hole-selective layer 
(HSL) for thermally stable PSCs that had 
thermal-degradation activation energy ~3 times 
greater than that for ITO/MeO-4PADBC. These 
synergetic effects enabled 1.53-electron volt 
(eV) p-i-n PSCs Voc of 1.19 V (95% of calcu- 
lated potential) and a verified power conversion 
efficiency (PCE) of 25.6%. 1.68- and 1.80-eV- 
wide bandgap perovskite composition devices 
also showed encouraging PCEs of 22.7 and 
20.1%, respectively. Moreover, 1.53-eV PSCs using 
NiO,/MeO-4PADBC HSL maintained >90% of 
initial efficiency in long-term operational stab- 
ility tests under 65°C for 1200 hours, and extra- 
polation of the Arrhenius energy indicates that 
the solar cells should maintain 80% of initial 
efficiency for more than 10 months at 25°C. 


SAM design and synthesis 


Modulating the terminal functional group is 
an effective way to tune the interfacial inter- 
actions between SAMs and perovskite. For ex- 


q 


ample, the introduction of two methoxy ar Sie 
(OMe) into [2-9H-carbazol-9-yl)ethyl ]phosph...-— 
acid (2PACz) enabled a new SAM, [2-(3,6- 
dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic 
acid (MeO-2PACz), which improved the inter- 
facial contact and enabled a higher efficiency 
of p-i-n PSC compared with 2PACz (10). None- 
theless, the OMe substitution on the carbazole 
core also caused a decrease in dipole moment 
from ~2.0 D of 2PACz to ~0.2 D of MeO-2PACz, 
which in turn led to the offset between the 
highest occupied molecular orbital (HOMO) 
of the SAM molecule and the valence band 
maximum (VBM) of the perovskite (J0, 26). 
This phenomenon can be ascribed to high 
planarity and symmetry of the carbazole struc- 
ture; the incorporation of two OMe groups 
with opposite directions of dipole moment re- 
sulted in a net molecular dipole moment of 
MeO-2PACz close to zero (Fig. 1A). We ad- 
dressed this issue by using a non-coplanar ” 
screw-shaped dibenzo[c,g]carbazole (DBC) unit 
as the core to reduce the negative effect on 
the dipole moment when introducing OMe 
groups, affording a new SAM of MeO-4PADBC 
(Fig. 1B). Density functional theory (DFT) cal- 
culations verified that MeO-4PADBC only has , 
a slightly decreased dipole moment (2.4 D) com- 
pared with that of (4-(7H-dibenzo[c,g]carbazol- 
7-yl)butyl)phosphonic acid (4PADBC) (2.9 D), 
which is quite different from those obtained . 
for carbazole-based SAMs (figs. S3 and S4). 

The synthetic route of MeO-4-PADBC is shown 
in fig. S5, along with structural characteriza- 
tions presented in figs. S6 to S9. The calculated 
HOMO and lowest unoccupied molecular orbital 
distributions are shown in fig. S10, with values of 
—4.91 and -1.15 eV, respectively. To gain a deeper 
insight of the SAM molecule structure, we grew a 
single crystal of 3,11-dimethoxy-7H-dibenzo[c,g] 
carbazole (MeO-DBC, CCDC number: 2279245), 
which lacks the anchoring group that would , 
disrupt intermolecular interactions. As shown 
in fig. S11, A and B, two naphthalene rings are 
located on different sides of the pyrrole ring 
and exhibit a dihedral angle of 12.44° which 
greatly reduces the planarity and symmetry of 
the skeleton structure to enable a negligible 
effect on the dipole moment when introducing 
OMe groups. Moreover, the MeO-DBC core had 
a slipped n-stacked packing motif with strong 
C-H---1n (2.72 A) and n-n (3.79 A) interactions 
(fig. S11C), which could induce a highly ordered 
one-dimensional assembly that favors a dense, 
tilted, highly ordered monolayer on the substrate 
(fig. SID) (9, 27, 28). 

We then calculated the interfacial binding 
energies between SAMs and perovskite, show- 
ing that MeO-4PADBC has a stronger binding 
with perovskite with a total binding energy 
(E,) of —7.19 eV, compared with that of —5.27 eV 
for MeO-2PACz (fig. S12). The main electrostatic 
interaction of the calculated SAMs is the O 
atoms from OMe groups with the Pb from 
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Fig. 1. Molecular structure and electrical properties of HSLs. Molecular 
structure and side view of (A) MeO-2PACz and (B) MeO-4PADBC. (€) Schematic 
illustration of MeQ-4PADBC anchoring on NiO, nanoparticle as the HSL in 

PSC. (D) FTIR spectra of MeO-4PADBC and NiO,/MeO-4PADBC. (E) UPS spectra 
of ITO substrates covered by NiO,, MeO-4PADBC, and NiO,/MeO-4PADBC. 
(Left) UPS spectra around the secondary electron cutoff (WF, work function); 


perovskite, however MeO-4PADBC has a more 
energetically favorable contact with perovskite 
compared with MeO-2PACz, which can be 
ascribed to the more concentrated electron 
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minimum, respectively. 


distribution of the coordinated OMe group 
on MeO-4PADBC than that on MeO-2PACz 
(fig. S13). Moreover, Bader charge analysis 
also suggests a stronger Pb-O interaction 
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(right) UPS spectra in the valence band (VB) region. (F) Schematic 
representation of the band edge positions of the studied HSLs based on 
values from UPS measurements, referenced to the vacuum level. Er and 
Evac represent Fermi and vacuum levels, respectively. Eygy and Ecgy 
represent the energy of valence band maximum and conduction band 


between MeO-4PADBC and perovskite with a 
shorter calculated interaction length of 4.7 A 
than that of MeO-2PACz of 4.9 A (fig. S14), 
which can be further confirmed by the results 
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of ‘'H NMR spectra of the SAMs in DMSO-d, 
with or without mixing with PblI, (fig. S15). 


Hole-selective layer applications 


We compared MeO-4PADBC SAM and NiO,/ 
MeO4PADBC as the HSLs for p-i-n PSCs (Fig. 1C). 
Fourier-transform infrared (FTIR) spectra were 
then collected by scraping the MeO-4PADBC and 
NiO,/MeO-4PADBC films off the substrates to 
amplify the signal, in which the P=O (1169 cm“) 
and P-OH (1035 and 950 cm’) absorption peaks 
show a clear shift (Fig. 1D), indicating the for- 
mation of a chemical bond (29). This can be fur- 
ther confirmed by the changes of the Ni 2p core 
level of NiO, and NiO,/MeO4PADBC films de- 
posited on the indium tin oxide (ITO) substrates 
obtained by x-ray photoelectron spectroscopy 
(XPS) spectra (fig. S16). The crystal structure 
and absorbance of representative perovskite 
film with a composition of Csp95FAp.g;MAp 1PbI3 
on both substrates remained unchanged (figs. 
S17 and S18). However, the perovskite depos- 
ited on ITO/NiO,/MeO-4PADBC substrate had 
larger crystal domains than those on control 
substrates (fig. S19). This is because of the denser 
anchoring of SAM molecules onto the ITO/NiO, 
substrate through more robust tridentate 
binding absorption, which can not only reduce 
the surface roughness of ITO/NiO, substrate 
(30-32) (figs. S20 and $21), but also lead to a 
more hydrophobic surface (fig. S22) and stron- 
ger interaction between perovskite and SAM 
molecules (33-35). These synergetic effects 
contribute to facilitating the perovskite crys- 
tal nucleation and growth, thus enhancing the 
perovskite crystallization. 

We further used ultraviolet photoelectron 
spectroscopy (UPS) to assess the energetic align- 
ment of different substrates relative to perov- 
skite absorbers with different bandgaps (1.53, 
1.68, and 1.8 eV, see Fig. 1E and fig. $23), and 
the results are summarized in Fig. 1F. The HOMO 
energy levels are —5.34 eV for ITO/MeO4-PADBC 
and -—5.45 eV ITO/NiO,/MeO-4PADBC, respec- 
tively, and the work function (®) of the latter 
substrate is deeper than that of the former one 
(-4.95 versus -4.90 eV), indicative of better 
energetic alignment with different perovskite 
absorbers. However, upon application of the 
carbazole-based SAM molecules onto the ITO/ 
NiO, surface, the ITO/NiO,/MeO-2PACz system 
exhibited an upward shift of the ®, in contrast 
to the ITO/NiO,/2PACz substrate (26, 36) (fig. 
$24). This phenomenon can be attributed to the 
incorporation of OMe groups on 2PACz, which 
considerably reduced the dipole moment. This 
reduction can be explained by the highly pla- 
nar carbazole motif, as discussed earlier. Time- 
resolved photoluminescence (TRPL) decay 
data showed a decreased carrier lifetime from 
925.5 ns for the perovskite on ITO to 42.9 and 
32.3 ns for the perovskite on ITO/MeO-4PADBC 
and ITO/NiO,/MeO-4PADBC, respectively, indi- 
cating a more facilitated hole extraction resulted 
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by the ITO/NiO,/MeO-4PADBC substrate (fig. 
$25 and table S2). 


Solar cell performance and characterization 


We further evaluated the photovoltaic perform- 
ance of PSCs with a p-i-n device configuration: 
glass/ITO/HSL/perovskite/two-dimensional 
(2D) passivation layer/Cg,/bathocuproine (BCP)/ 
Ag (Fig. 2A). The 2D passivation layer was a 
mixture of 4-trifluorophenylethylammonium 
iodide (CF3-PEAT) and methylammonium io- 
dide (MAI) with an optimal volume ratio of 
3:1 (4). The cross-section scanning electron 
microscopy (SEM) images of the PSC (1.53 eV) 
showed a thickness of ~’715 nm for the perov- 
skite films (fig. S26). The device with NiO,/MeO- 
4PADBC as the HSL (1.53 eV) showed negligible 
hysteresis and had a high verified PCE of 
25.6% for a mask area of 0.0414 cm? (figs. S27 
and S28), with a Voc of 1.19 V, a short-circuit 
current density (Jgc) of 25.4. mA cm~™, and a fill 
factor (FF) of 84.6%, which outperformed the 
MeO-4PADBC-based device (PCE = 24.2% with 
Voc = 1.16 V, Jgc = 25.4 mA cm™, and FF = 
82.1%). The NiO, control device without a 
SAM only showed a PCE of 21.6%, attributed 
to a mismatch of energetic alignment and high 
surface defect density on NiO, film (37, 38) (Fig. 
2B). Moreover, we have also conducted HSL 
engineering by applying carbazole-based SAM 
anchoring on NiO,. The Voc of the NiO,/MeO- 
2PACz-based device (1.15 V) is lower than that 
of the device with NiO,/2PACz (1.17 V) (figs. 
$29, A and B). This issue was addressed by 
replacing the carbazole motif with a nonplanar 
DBC core in SAM molecules (fig. S29, C and D). 
To better understand the mechanism of the 
improved Voc and FF with the use of NiO,/ 
MeO-4PADBC as HSL, we further conducted the 
FF loss (supplementary text and fig. S30) and 
Voc loss calculations (supplementary text, fig. S31, 
and table S3). We observed that the improved 
Voc and FF of NiO,/MeO-4PADBC were mainly 
attributed to the suppressed nonradiative re- 
combination loss, indicating reduced trap state 
density at the HSL/perovskite interface. 

Our NiO,/MeO-4PADBC strategy also worked 
effectively for 1.68- and 1.80-eV PSCs, resulting 
in PCEs of 22.7 and 20.1%, respectively (Fig. 2C, 
fig. S32, and table S4). Steady-state power out- 
put (SPO) confirmed the reliability of three 
bandgap devices, with stabilized PCEs of 25.5, 
22.3, and 19.5% for 1.53-, 1.68- and 1.80-eV, re- 
spectively (Fig. 2D). Additionally, the calculated 
Jgc values from external quantum efficiency 
(EQE) of the champion devices were con- 
sistent with those extracted from the cur- 
rent density-voltage (J-V) measurements (fig. 
$33), and the derivatives of EQE spectra can 
further confirm the perovskite bandgaps ap- 
plied here (fig. S34). We further presented the 
EQE with internal quantum efficiency (IQE) 
results of representative 1.53-eV device with 
HSLs of NiO,, MeO-4PADBC, and NiO,/MeO- 


4PADBC in fig. $35. The IQE between 550 nm 
to 700 nm is spectrally flat and approaches 
nearly 100% for both of MeO-4PADBC and 
NiO,/MeO-4PADBC-based devices, indicating 
efficient charge collection and transfer at the 
perovskite interface achieved by the incorpo- 
ration of SAM (22, 39). 

The defect density profiles were then stud- 
ied to identify enhanced photovoltaic perform- 
ance through the space charge limit current 
(SCLC) method (fig. S36). The hole-only devices 
with NiO,/MeO-4PADBC showed the lowest 
defect density of 1.96x10” cm~?, compared with 
those with MeO-4PADBC (2.91x10” cm7?) 
and NiO, (3.81x10” cm~*). In addition, the 
decreased slope of the light intensity depen- 
dence Voc plot for NiO,/MeO-4PADBC-based 
devices supported a reduced interfacial trap 
density at the HSL/perovskite interface (40) 
(fig. S37). We note that PSCs based on NiO,/ 


MeO-4PADBC further demonstrated a lower ” 


leakage current than those on other HSLs (fig. 
$38), which we attributed to the compact NiO, 
layer preventing the perovskite from contact- 
ing ITO through the pinholes in the ultrathin 
SAM layer. These results demonstrated that the 
NiO,/MeO-4PADBC HSL effectively increased 
the Voc of the PSCs. 

To quantify the interface losses, quasi-Fermi 
level splitting (QFLS) analysis for partial cell 
stacks was conducted. A laser wavelength of 
375 nm was used to illuminate a PSC with 1-sun 
equivalent intensity by accommodating the 
generated current near Jsc under a standard 
solar simulator (41, 42) (supplementary text, 
fig. S39). As shown in Fig. 2E, the QFLS of 
ITO/NiO,/MeO-4PADBC/perovskite stack was 
comparable to the glass/perovskite stack, with 
implied Voc of 1.17 V versus 1.18 V for 1.53-eV 
perovskite film, 1.26 V versus 1.27 V for 1.68-eV 
perovskite film, and 1.35 V versus 1.36 V for 
1.80-eV perovskite film, respectively. These re- 
sults indicated a low voltage loss on the interface 
between NiO,/MeO-4PADBC and perovskites. 

We further performed the QFLS measure- 
ments on the ITO/HSL/perovskite/passivation 
layer/electron-transporting layer (ETL) stacks 
(Fig. 2F), with the Vocs of the PSCs listed as a 
comparison. The differences between the QFLS 
of PSCs on ITO/NiO,/MeO-4PADBC and the 
Voc extracted from related J-V measurements 
were comparable, demonstrating spatially flat 
Fermi levels throughout the device and low 
energy offset on the HSL for carrier extraction 
(27, 28). It is noteworthy that the Voc of our 
1.53-eV devices (1.19 V) reached 95% of their 
calculated potential and the Voc of our 1.68-eV 
(1.25 V) and 1.80-eV (1.34 V) devices also ap- 
proached 90% of the calculated potential 
(Fig. 2G). 


PSC stability studies 


Previous reports have demonstrated that SAMs 
desorb under thermal stress from the anchored 
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Fig. 2. Photovoltaic performance of PSCs with different HSLs. (A) Schematic 
illustration of p-i-n PSC. (B) J-V curves of the best-performing 1.53 eV devices with 
NiO,, MeO-4PADBC, and NiO,/MeO-4PADBC as HSL. (C) J-V curves of the best- 
performing NiO,/MeO-4PADBC-based devices with bandgaps of 1.53, 1.68, and 
1.80 eV (Rev., reverse scan; For., forward scan). (D) SPO at the MPP for the best- 
performing NiO,/MeO-4PADBC-based PSCs with three bandgaps of perovskite 


substrate (29, 30), but few effective solutions to 
this problem have been explored. To estimate 
the thermal stability of the ITO/NiO,/MeO- 
4PADBC substrate, we applied Kelvin probe 
force microscopy (KPFM) to record the sur- 
face potential evolution of the SAM under heat 
treatment by taking pristine ITO/MeO-4PADBC 
as a reference. Before thermal aging, the ITO/ 
MeO-4PADBC and ITO/NiO,/MeO4PADBC sub- 
strates both exhibited relatively uniform sur- 
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Eg=1.68 eV 


Eg=1.80 eV 


1.9 eV in the figure. 


face potential with a narrow contact potential 
distribution (CPD) of ~40 mV, indicating that 
the SAM molecules were densely packed onto 
both of ITO and NiO, surfaces (Fig. 3, A and B). 
After aging on a hotplate at 65°C for 1200 hours, 
the NiO,/MeO4PADEC substrate displayed neg- 
ligible CPD changes, whereas the ITO/MeO- 
4PADBC CPD value increased to ~70 mV (Fig. 
3, C and D). We propose that the fluctuations 
of CPD for the ITO/MeO-4PADBC substrate 
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absorbers. (E) QFLS in the case of three bandgaps of perovskite with different 
HSLs. (F) Comparison of the Voc of actual PSCs with the corresponding QFLS 
of representative layer stacks. (@) Comparison of the Voc with different 
bandgaps of devices from the literature to our work. The line represents the 
Voc extracted from calculated potential. The wide-bandgap region refers to 1.6 to 


could be attributed to desorption, morpholog- 
ical changes under thermal stress, or both. 

To further explore the binding ability of SAM 
to the substrate under heating, DFT simulations 
were conducted to investigate the binding 
energies between MeO-4PADBC and ITO or 
NiO, substrate at 300 K (~27°C) and 340 K 
(~67°C) (Fig. 3, E and F). MeO-4PADBC had a 
higher binding energy with NiO, (-22.4 eV) 
than with ITO (-16.7 eV) at 300 K, suggesting 
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Fig. 3. Analysis of the degradation mechanism of PSCs. (A to D) Surface potential images obtained by scanning Kelvin probe microscopy (scale bar 500 nm) 
of the HSLs before and after aging at 65°C for 1200 hours. At the bottom of the figure are the statistical potential distributions of film surfaces. (E) DFT calculation of 
the binding energy of MeO-4PADBC with ITO and NiO,. (F) Binding energies (E,) of MeO-4PADBC with ITO and with NiO, at the temperatures of 300 and 340 K. 


a stronger bonding strength on the NiO, film. 
This difference was attributed to the higher 
density of hydroxyl groups on the NiO, surface 
than on the ITO, which is critical to the chemi- 
sorption of SAM on the metal oxide (43, 44). 
The tridentate binding between SAM and NiO, 
was stronger than the bidentate binding be- 
tween SAM and ITO (29, 45). At 340 K, the 
binding energy between SAM and ITO de- 
creased from -16.7 to -11.6 eV, but that be- 
tween MeO-4PADBC and NiO, film showed 
minor changes (—20.3 eV). These results indi- 
cated that MeO-4PADBC on the NiO, film is 
more robust against thermal stress compared 
with MeO-4PADBC on bare ITO. 

Thermal accelerated aging measurements 
were conducted to evaluate the reliability of 
SAM-based PSCs. To avoid the influence of the 
2D capping layer, the encapsulated devices 
without top passivation were prepared for 
stability testing. The initial J-V curves and 
photographs of the encapsulated devices are 
shown in fig. S40 and S41, respectively. The 
PSCs were operated under constant 1-sun 
illumination at fixed resistance loads near 
the MPP with the temperature ranging from 
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25° to 100°C, following the ISOS-L-2I proce- 
dure (19). The MeO-4PADBC-based devices 
degraded to 85 and 65% of starting PCEs af- 
ter 1200 hours at 25°C and 65°C, respectively 
(Fig. 4A). When the aging temperature in- 
creased to 85°C, only 47% of its initial PCE was 
retained after 800 hours. The NiO, devices 
retained 85 and 65% of initial PCEs at 65° and 
85°C, respectively, after 1200 hours (Fig. 4B). 
However, the NiO,/MeO-4PADBC-based de- 
vices retained 90 and 74% of initial PCEs after 
1200 hours at 65° and 85°C, respectively (Fig. 
4C), which was consistent with the degrada- 
tion analysis in Fig. 3. Both devices based on 
NiO,, MeO-4PADBC, or NiO,/MeO-4PADBC 
as HSL showed a more obvious downward 
trend when the aging temperature was raised 
to 100°C. For a more comprehensive evaluation 
of the thermal stability of our NiO,/MeO- 
4PADBC strategy, we further applied the PSCs 
with top passivation to conduct the opera- 
tional stability at 65°C for 500 hours (fig. S42). 
The devices presented a slightly improved sta- 
bility compared with the device without passiva- 
tion at the same time stage, which maintained 
96% of its initial PCE. This may be due to the 


higher hydrophobic surface brought by the 
CF3-PEAI passivation (46). 

We then determined the activation energy 
(E,) of the temperature-dependent degradation 
of our PSCs with different HSLs according to a 
previously reported method (supplementary 
text) (47). The E, value of NiO,/MeO-4PADBC- 
based devices (0.389 + 0.022 eV) was almost 
three times higher than that of MeO-4PADBC- 
based devices (0.150 + 0.017 eV). The lifetime 
acceleration factor (AF) of each tempera- 
ture can be obtained from EF, (Fig. 4D), from 
which it can be estimated that PSCs with 
NiO,/MeO-4PADBC HSL could retained 80% 
of its initial PCE at room temperature after 
7567 hours operation, without top passivation 
treatment. 


Conclusions 


We have demonstrated an efficient and sta- 
bilized HSL with greatly improved thermal 
stability for high efficiency SAM-containing 
inverted p-i-n PSCs. Rational molecular struc- 
ture design of MeO-4PADBC and in-depth anal- 
ysis revealed that optimal dipole moment 
and favorable contact with perovskite are the 
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Fig. 4. Long-term stability assessment of PSCs under different tempera- 
tures. (A to C) Operational stability of PSCs with HSL of (A) MeO-4PADBC, 
(B) NiO,, and (C) NiO,/MeO-4PADBC at temperatures of 25° 65°, 85°, and 100°C, 
respectively. (D) Natural logarithm of slow degradation rate (Ksiow) versus 1/kgT 


keys to ideal energy alignment and fast hole 
extraction to improve the device efficiency and 
stability. Moreover, the anchoring of MeO- 
4PADBC SAM molecules on the NiO, film can 
form a stronger tridentate bond with NiO,, 
which effectively reduces the voltage loss and 
further maintains a strong fixation effect under 
thermal stress. Our study provides theoretical 
guidance for the design of efficient and stable 
HSL and paves the path for facile access to 
commercially available inverted p-i-n PSCs. 
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AVIAN ECOLOGY 


Agriculture and hot temperatures interactively erode 
the nest success of habitat generalist birds across 


the United States 


Katherine S. Lauck'*+, Alison Ke't, Elissa M. Olimpi?, Daniel Paredes”?, Kees Hood?, 
Thomas Phillips’, William R. L. Anderegg*°, Daniel S. Karp? 


Habitat conversion and climate change are fundamental drivers of biodiversity loss worldwide but are 
often analyzed in isolation. We used a continental-scale, decades-long database of more than 150,000 bird 
nesting attempts to explore how extreme heat affects avian reproduction in forests, grasslands, and 
agricultural and developed areas across the US. We found that in forests, extreme heat increased nest 
success, but birds nesting in agricultural settings were much less likely to successfully fledge young 
when temperatures reached anomalously high levels. Species that build exposed cup nests and species 
of higher conservation concern were particularly vulnerable to maximum temperature anomalies in 
agricultural settings. Finally, future projections suggested that ongoing climate change may exacerbate 
the negative effects of habitat conversion on avian nesting success, thereby compromising conservation 


efforts in human-dominated landscapes. 


abitat conversion is the primary driver 

of terrestrial biodiversity loss, and cli- 

mate change is projected to cause wide- 

spread extirpations (1, 2). However, the 

effects of habitat conversion and climate 
change are often analyzed in isolation even 
though the fate of many species will ultimately 
depend on how they interact (3). For example, 
many forms of habitat conversion (e.g., agri- 
cultural or urban expansion) remove insulating 
tree canopies or other complex microhabitats, 
thereby exposing organisms to warmer maxi- 
mum and/or cooler minimum temperatures 
[i.e., reducing thermal buffering (4)]. Indeed, 
temperatures in agricultural settings regularly 
attain levels >10°C higher than in nearby natu- 
ral habitats (5). Other stressors related to human 
land use may increase the sensitivity of bio- 
diversity to heat; for example, pesticide use 
and low vegetation complexity may reduce in- 
sect prey availability, limiting food and water 
available for thermoregulation (6). In addition, 
trees may protect understory species from 
heavy rains and retain moisture, buffering 
against drought (4). Thus, as temperatures 
warm and precipitation regimes shift, climate 
change may cause cities and farms to become 
even less hospitable, undermining efforts to 
safeguard biodiversity in human-dominated 
landscapes (7). 
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Birds may be particularly sensitive to tem- 
perature extremes, because species with altri- 
cial young are ectothermic for the first few 
weeks of life, and extreme temperatures can 
divert energy from growth to thermoregula- 
tion (8). Although the effects of cold snaps on 
avian reproduction are well documented (9, 10), 
recent work suggests that high temperatures 
can also reduce avian survival (11-13) and even 
cause community collapse (13). Temperature 
extremes may limit species persistence more 
than long-term increases in average tempera- 
tures (/4), and variations in microclimate buf- 
fering can thus influence bird distributions (15). 

Unfortunately, understanding the interactive 
effects of climate and land-use change on spe- 
cies persistence requires demographic data that 
are difficult to obtain over large spatiotemporal 
scales (3). Thus, our knowledge of how climate 
and land-use change interactively affect species 
is mostly restricted to changes in species dis- 
tributions and/or abundances (4, 16). Project 
NestWatch, a citizen-science nest-monitoring 
program organized by the Cornell Laboratory 
of Ornithology, offers a rare opportunity to 
explore how temperature extremes and land 
use interact to affect avian nesting success at 
a national scale. Using their data, we analyzed 
152,863 nesting attempts by 58 bird species 
across 23 years (1998 to 2020) and 37,869 sites 
in four land-use types within the conterminous 
US: forests, open natural habitats, agricultural 
settings, and developed areas [table S1 (17)]. 
We used GridMET (78) to measure tempera- 
ture extremes during each nesting attempt by 
calculating temperature anomalies, which we 
defined as the average maximum (or minimum) 
temperatures during the 45 days after each 
nesting attempt’s date of first egg relative to 
conditions during the same date range over 
a historical reference period (1980 to 2000). 
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Our work was guided by four questi chee 
First, how do the effects of temperatur bases j 
nesting success vary across land-cover types? 
We hypothesized that maximum temperature 
anomalies would reduce success in open, human- 
dominated habitats with fewer thermally buf- 
fered areas. We also quantified precipitation 
anomalies during nesting, hypothesizing that 
extreme events would also reduce success in 
open, human-dominated habitats. Second, are 
some species more vulnerable to the inter- 
active effects of habitat conversion and climate 
change than others? We predicted that species 
that build exposed nests (as opposed to cavity 
nests) and species of higher conservation con- 
cern would be the most sensitive to climate and 
land-use interactions. Third, are the effects of 
temperature and land cover consistent across 
species’ ranges? We predicted that maximum 
temperature anomalies would disproportionately 
affect nesting success in agricultural areas ” 
within warmer regions. Finally, looking for- 
ward across the 21st century, how will nesting 
success likely change across space, time, and 
alternative climate change scenarios? We hypo- 
thesized that declines would be pronounced 
in agricultural settings, grassland, and devel- . 
oped areas, but not in forests. 

The interactive effects of climate and land 
cover could arise from individuals of the same 
species varying in their temperature responses . 
across land-cover types (e.g., if some provide 
more thermal buffering than others) or from 
shifts in species composition (e.g., if agriculture- 
associated species are more thermally sensitive 
than forest-associated species). To determine 
whether thermal buffering in some land-cover 
types increases avian resilience against heat 
waves, we focused on habitat generalist species 
that could conceivably exhibit different re- 
sponses to heat waves in different land-cover 
types. Additionally, we modeled climate and , 
land-use interactions using both generalized 
linear mixed models (GLMMs) that integrate 
within- and across-species effects and Bayesian 
models that only consider variation within 
species (17). 


Climate and land-cover interactions 
Interactions between maximum temperature 
anomalies and land-cover type 


Across both modeling frameworks, we found 
that the effects of maximum temperature ex- 
tremes on avian nesting success differed among 
land-use types (P < 0.001 for GLMM; Bayesian 
confidence interval: agricultural settings, -0.21 
to -0.01; forests, 0.03 to 0.15; Fig. 1 and tables 
82 to S5). In agricultural settings, the proba- 
bility of successfully fledging at least one 
offspring declined by 46% (from 74 to 28%) 
between nests that experienced cooler versus 
warmer maximum temperature anomalies 
(i.e., 2 SDs lower versus 2 SDs higher than mean 
historical temperatures). Only considering 
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within-species effects reduced the decline 
from 46 to 30% over the same temperature 
range. In developed areas, the probability of 
success declined by only 5% from cooler to 
warmer maximum temperature anomalies 
(6% in the Bayesian model). One reason for 
the more muted decline might be that nests 
in “developed areas” were often in residential 
areas that can have high tree cover, not in city 
centers that may be subject to particularly 
extreme heat island effects. By contrast, only 
1.5% of agricultural sites were in plantations 
with tree canopies (table S6). As a result, 
developed areas had higher canopy cover 
than both agricultural and natural open sites 
(mean cover: developed, 21%; agricultural, 
11%; natural open, 17.6%). Future work could 
profitably focus on using temperature loggers 
to link nesting success to local microclimates 
rather than the coarser air temperature mea- 
surements analyzed here. 

Although temperature increases in forests 
have been previously shown to reduce nest 
productivity through increased predation (19), 
we found that reproductive success increased 
in these areas by 14% across the same temper- 
ature range (21% in the Bayesian model). Why 
might this be? First, because tree canopies 
may keep nests cool, adults nesting in forests 
could be released from thermoregulatory care 
when temperatures increase, allowing them 
to spend more time foraging (20). Increased 
temperatures in cold microclimates might also 
reduce the reproductive cost of time spent off 
the nest (27). Maximum temperature anomalies 
could also drive phenological shifts that improve 
forest-nesting birds’ access to food resources 
[e.g., by increasing insect abundance earlier in 
the season (22)]. Critically, the positive relation- 
ship between nesting success and maximum 
temperature anomalies in forests does not sug- 
gest that climate change is benefiting forest birds, 
because warming temperatures may be decreas- 
ing other demographic parameters (e.g., adult 
and/or juvenile survival). 

Finally, in natural open habitats, nest success 
exhibited a nonlinear relationship with maxi- 
mum temperature anomalies, peaking at an 
intermediate value (in the Bayesian model, 
no relationship with temperature was observed). 
One explanation is that grassland species could 
be adapted to temperature regimes in open- 
canopied environments, but too much devia- 
tion from historical norms (in either direction) 
may decrease success. Indeed, most nests in 
natural open habitats were in grasslands or 
prairies (~85% of attempts; table S6). 

Our finding that the effects of temperature 
extremes on nesting success vary across 
land-use types persisted when additionally 
accounting for latitude, elevation, nest preda- 
tion, spatial autocorrelation, extreme observa- 
tions, the scale of landscape cover composition, 
and nests in more thermally buffered agri- 
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Fig. 1. Maximum temperature extremes reduce avian nesting success in agricultural settings but 
increase it in forests. For nests in each land-use type, panels present the relationship between maximum 
temperature anomalies 45 days after lay date as z-scores relative to historical temperatures (17) and the 
predicted proportion of nests with at least one offspring surviving to fledging. Solid lines indicate model 
predictions; shaded regions represent 95% confidence regions. Histograms in the bottom panels depict the 
distribution of maximum temperature anomalies across all nesting attempts. (A) Results from GLMMs 
combining within- and among-species variations in response to temperature. Asterisks indicate the level of 
significance in each land use. *P < 0.05; **P < 0.01. The quadratic effect of maximum temperature 
anomaly is only significant in natural open land cover. (B) Results from a Bayesian analysis that only assesses 
the effects of temperatures within species (i.e., factoring out changes in species composition among 
land-cover types). Asterisks indicate that the 95% Bayesian confidence interval did not overlap zero. 


cultural habitats [table S7 and fig. S1 (17)]. 
Birds were also not more sensitive to temper- 
ature anomalies in agricultural settings be- 
cause of differences in air temperature among 
land-use types (fig. S2). 


Interactions among minimum temperature 
anomaly, precipitation, and land cover 


Unlike maximum temperatures, the effects of 
other climate variables exhibited much less 
variation among land-cover types (tables S2, 
83, and S8). First, the linear effect of minimum 
temperature anomalies did not vary among 
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land-cover types (P = 0.28). However, the qua- 
dratic effect did so marginally (P = 0.05), with 
nesting success exhibiting a more convex rela- 
tionship with minimum temperature anomaly 
in forests and a more linear relationship in the 
other land-cover types. Second, precipitation 
over the prior year also exhibited no variation 
in linear effects on nesting success across land- 
cover types (P = 0.19). However, the quadratic 
effect again varied (table S3 and S8), exhibiting 
a more convex relationship in forests and a more 
linear effect in the other land-cover types. Final- 
ly, the linear effect of precipitation anomalies 
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Fig. 2. Interactive effects of 
temperature extremes and 
land use are exacerbated for 
species of higher conservation 
concem and for cup-nesting 
species in agricultural settings. 
(A) Maximum temperature 
anomalies 45 days after lay 
date on the proportion of nests 
with at least one fledging 

(i.e., nest success) in each 
land-use type and for species of 
varying levels of conservation 
concern. Colored lines depict 
predictions for species of 
varying levels of conservation 
concern, represented by: house 
sparrow (Passer domesticus; 
score level 4, lowest concern), 
barn swallow (Hirundo rustica, 
evel 8), chestnut-backed 
chickadee (Poecile rufescens, 
evel 12), and oak titmouse 
(Baeolophhus inornatus; score 
level 15, highest concern). 
(B) Maximum temperature 
anomaly effects on birds 
nesting in cavities (blue) versus 
cup nests (red). Asterisks 
indicate the level of significance 
of the interaction between 
maximum temperature anomalies 
and species’ conservation scores 
or nest types in each land use. 
+P < Ol, *P < 0.05, **P < 0.01. 
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during nesting varied by land-cover type, but 
with smaller effect sizes than maximum temper- 
ature anomalies (P < 0.001; fig. S3 and tables S3, 
S8, and S9). Specifically, higher precipitation 
during nesting was associated with higher suc- 
cess in agricultural settings, decreased success 
in forests, and small effects in other land-cover 
types. This suggests that birds in agricultural 
settings may suffer even more when precipita- 
tion is low and temperatures are high. 


Identifying species sensitive to climate 
and land-cover interactions 


The negative effects of maximum temperature 
anomalies on avian reproduction in agricul- 
tural settings and the positive effects in forests 
were generally consistent across species, but 
were not consistent across species in other 
land-cover types (fig. S4 and table S5). Mul- 
tiple mechanisms may explain these trends. 
First, temperature extremes in agricultural 
settings could induce physiological stress and 
require nestlings to expend energy on thermo- 
regulation rather than growth or to suffer water 
costs and dehydration (8). Second, maximum 
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Increasing conservation concern ~~ 


) 5 
Maximum temperature anomaly 


02, 


temperature anomalies may affect birds in- 
directly, for example, by reducing arthropod 
prey abundance or adult foraging efficiency 
in agricultural settings but not in natural habi- 
tats with microclimate refugia (23, 24). Indeed, 
arthropods are particularly sensitive to climate 
warming in agricultural settings but are more 
buffered in natural habitats (25). 


Nest type 


Identifying traits that explain variations in 
species’ responses to maximum temperature 
anomalies might provide insight into the under- 
lying mechanisms. We found that cup nests in 
agricultural settings experienced particularly 
severe declines in nest success with higher 
maximum temperatures (P = 0.005; Fig. 2 and 
tables S10 to S12). Cup nests are less thermally 
buffered than cavity nests, suggesting that 
maximum temperature anomalies may indeed 
reduce nesting success directly [i.e., through 
avian physiology (26)]. We also found similar re- 
sults when comparing nests in human-constructed 
nest boxes with other nests (fig. S5 and tables S10 
to S12); however, because 99% of cavity nests 
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were also in nest boxes, these two compari- 
sons are functionally equivalent. This finding 
suggests that the effect sizes of the tempera- , 
ture and land-use interactions reported above 
may be conservative given the dominance of 
artificial nest box observations in the database 
(table S1). 


Conservation concern 


Species of higher conservation concern [as 
defined by (27)] were also more vulnerable to 
maximum temperature anomalies in agricul- 
tural settings and more successful in forests 
(P = 0.027; Fig. 2 and tables S10 to S12). This 
again suggests that the effect sizes reported 
above may be conservative for rarer, less fre- 
quently sampled species. For example, in agri- 
cultural settings, GLMMs predicted that hotter 
maximum temperature anomalies would de- 
crease nest success by 69% (from 95 to 26%; 
maximum temperatures + 2 SD) for species of 
highest concern, but would increase success 
by 5% for species of low concern. Because spe- 
cies of conservation concern are often already 
sensitive to anthropogenic land uses (28), they 
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Fig. 3. Climate change is expected to decrease nesting success in agricultural settings but increase 
it in forests. Density diagrams (left) depict how the probability of successfully fledging at least one offspring 
is predicted to change by 2100 under a high-emissions scenario (RCP 8.5) across sites for each land-use 
type. Maps depict the spatial distribution of predicted changes; dark blue, red, and gray points indicate sites 
where nesting success is expected to increase by 5% or more, decrease by 5% or more, or remain largely 
unchanged, respectively. Points and histograms represent average predictions across five climate models (17). 


may simply be unable to cope when tempera- 
tures increase in marginal environments. 


Thermal limits 


Avian reproduction is expected to be most sen- 
sitive to temperature extremes in regions that 
experience temperatures near species’ thermal 
limits (29). To examine spatial variation in spe- 
cies’ responses to maximum temperature ano- 
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malies and land use, we calculated site tem- 
perature baselines in four ways, including 
approaches that quantify temperatures in ab- 
solute terms and relative to temperature var- 
iability across each species’ geographic range 
(17). Although nest success was more sensitive 
to maximum temperature anomalies in warmer 
regions (P < 0.001 for three of four measures; 
fig. S6 and tables S13 and S14), the interactive 
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effect of maximum temperature anomalies and 
land-use types was consistent across regions: In 
both hot and cold regions, maximum temper- 
ature anomalies were the most harmful in agri- 
cultural settings (P = 0.6; tables S13 and S15). 


Future climate change scenarios 


Our results suggest that bird species nesting in 
agricultural settings may be more vulnerable 
to climate change than those in forests. Lever- 
aging five global climate models and multiple 
climate change scenarios [representative con- 
centration pathways (RCPs)], we used our 
models to explore how nest success would 
change if each nesting attempt in our dataset 
instead occurred with the climate conditions 
of 2040 to 2059 or 2080 to 2099 (Fig. 3, fig. 
S7A, and table S16). These analyses implicitly 
assume that nesting phenology is fixed in time, 
even though some birds can shift to earlier 
breeding times to track climate niches (29). 
Therefore, these results should be considered 
a sensitivity analysis rather than explicit pre- 
dictions. Climatic uncertainty for agricultural 
settings was slightly higher than for the other 
land-cover types, especially in the southeastern 
US (figs. S7B and S8), but we suspect that 
climatic uncertainty may have constrained 
the projected effect sizes. Statistical uncertainty 
exceeded climatic uncertainty (figs. S7C and 
S8). Our models suggest that nesting success 
in agricultural settings would decline by an 
additional 4.41% by 2100 if greenhouse gas 
emissions maintain their current rate of in- 
crease (RCP 8.5), whereas success in forests 
would increase by 1.78%. By contrast, if emis- 
sions were reduced (RCP 4.5), then nesting 
success in agricultural settings would decline 
by only 1.14% and success in forests would in- 
crease by 1.07% (fig. S7A and table S16). Thus, 
if emissions are curtailed, then birds nesting 
in human-dominated areas would likely be 
more successful over the long term. 


Conclusions 


Our results highlight the vulnerability of birds 
nesting in agricultural settings to temperature 
extremes and may offer insight into mecha- 
nisms underlying North American bird declines 
(30). They also align with recent findings from 
Europe suggesting that climate change may 
be causing larger population declines in gen- 
eralist, farmland-associated birds compared 
with specialist, woodland-associated species 
(31). Maintaining forest patches in anthropo- 
genic landscapes may thus increase avian re- 
silience to extreme climatic events (32). An 
important caveat is that the species studied 
here are habitat generalists. Enhancing forest 
cover in naturally open land covers could harm 
grassland-obligate birds, which might be able 
to leverage habitat heterogeneity in natural 
grasslands to find thermally buffered areas (33). 
Nonetheless, for other species, erecting 
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sun-shielded or insulated nest boxes in shaded 
locations (34), conserving forest patches, and/or 
planting scattered trees in human-dominated 
landscapes may help species cope with climate 
change-driven temperature extremes by provid- 
ing thermal buffering (35), especially for the 
species of conservation concern studied here. 
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A luminous fast radio burst that probes the 


Universe at redshift 1 


S. D. Ryder’, K. W. Bannister®, S. Bhandari*®, A. T. Deller®, R. D. Ekers*”, M. Glowacki’, A. C. Gordon’, 
K. Gourdji®, C. W. James’, C. D. Kilpatrick®®, W. Lu’, L. Marnoch'?3#2, v, A. Moss°, J. X. Prochaska?“4, 
H. Qiu’, E. M. Sadler*“, S. Simha’?, M. W. Sammons’, D. R. Scott”, N. Tejos””, R. M. Shannon®* 


Fast radio bursts (FRBs) are millisecond-duration pulses of radio emission originating from extragalactic 
distances. Radio dispersion is imparted on each burst by intervening plasma, mostly located in the 
intergalactic medium. In this work, we observe the burst FRB 20220610A and localize it to a morphologically 
complex host galaxy system at redshift 1.016 + 0.002. The burst redshift and dispersion measure are 
consistent with passage through a substantial column of plasma in the intergalactic medium and extend the 
relationship between those quantities measured at lower redshift. The burst shows evidence for passage 
through additional turbulent magnetized plasma, potentially associated with the host galaxy. We use the 
burst energy of 2 x 10%? erg to revise the empirical maximum energy of an FRB. 


ast radio bursts (FRBs) (/, 2) are transient 

radio sources that last a few milliseconds, 

emitted by extragalactic sources. Free elec- 

trons along the path between the FRB 

source and Earth impart a frequency- 
dependent time delay (dispersion) on the radio 
signal. This dispersion can be used to measure 
the column density of free electrons [quanti- 
fied by the dispersion measure (DM)] between 
the FRB source and the observer. FRBs lo- 
calized to host galaxies at different redshifts 
exhibit a positive correlation between the extra- 
galactic DM and host redshift, known as the 
Macquart relation (3). This relation has been 
used to measure the cosmic baryon fraction 
and the expansion rate of the Universe (4). 
This relation has been measured using iden- 
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tified FRB host galaxies at nearby redshifts 
of z < 0.5. Some unlocalized FRBs (with un- 
known host galaxies) have DMs consistent 
with zg > 1(5); however, an FRB associated with 
a galaxy at z = 0.241 had a high DM that would 
have implied z > 1 if its host had been unknown 
(6). This demonstrates that estimates of redshift 
from DM alone can be misleading if they are 
affected by plasma within the host galaxy— 
which also imparts a contribution to the DM— 
in addition to that of the intergalactic medium. 
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Observations of FRB 20220610A | ee 


FRBs have been searched for (7) and local..-— 
(8) using the Australian Square Kilometre Array 
Pathfinder (ASKAP) (9), a radio interferom- 
eter in Western Australia comprising 36 an- 
tennas, each 12 m in diameter. Each antenna 
is equipped with a phased array receiving sys- 
tem, which provides 36 beams across the focal 
plane, covering ~30 square degrees. FRBs are 
searched for in real time using the incoherent 
sum of the intensities of each antenna in each 
beam. When an FRB is detected, temporary 
voltage buffers are downloaded, correlated, 
calibrated, and imaged; this enables the posi- 
tions of detected bursts to be measured with 
an absolute precision of typically a few tenths 
of an arc second (JO, 17). 

We detected FRB 20220610A in observa- 
tions taken around the position of the previ- 
ously known burst FRB 20220501C, but the 
two bursts are not related (77). The observations ~ 
were centered at a frequency of 1271.5 MHz 
and had a time resolution of 1.18 ms. The dis- 
persion of FRB 20220610A indicated a DM of 
1458.1576-22 pe cm~* (where pc is parsecs). 
This is higher than all but one of the 55 FRBs 
that were previously observed using ASKAP (4). ; 
A dedispersed dynamic spectrum of the burst is 
shown in Fig. 1, and observed properties of the 
burst are listed in Table 1. The burst does 
not show the 10- to 100-MHz modulation in . 


t (ms) 


Fig. 1. Radio observations of FRB 20220610A. (A and B) The burst as observed in the incoherently 
summed data stream used by the real-time detection system. The pulse width is dominated by intrachannel 
dispersion smearing. (A) The integrated flux density (S,) of the pulse profile as a function of time (t). (B) The 
dedispersed burst dynamic spectrum as a function of frequency (Freq). The vertical dashed line in (B) 
indicates the frequency range (<1200 MHz) of high-time resolution data that were saved by the pipeline; 
data at higher frequencies were lost as a result of latency issues (see the text for details). (© and D) High- 
time resolution data (frequencies <1200 MHz) produced from the raw electromagnetic field samples saved 
from each telescope after the real-time trigger (11). (C) Linear polarization position angle ‘¥ during the 
pulse. (D) The integrated pulse profile in total intensity / (black), linear polarization Le (red), Stokes V (blue), 
and a maximum likelihood model of Stokes /, denoted M, (orange). The residuals R; (pink) between / and 
M, are shown offset from zero by -20 Jy for clarity. The polarization position angle is defined such 

that linear polarization is in one Stokes parameter and hence = 0. 
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the spectrum characteristic of many lower- 
DM, high-Galactic latitude ASKAP-detected 
FRBs (7). 

The 2-s dispersive sweep of the burst across 
the instrument bandwidth and the 2.4-s latency 
in the detection system resulted in only the low- 
est 88 MHz of the burst being captured in the 
3.1-s-duration voltage buffer. This was sufficient 
to localize the burst to a precision of 0.5 arc sec. 
We used the voltage data to reconstruct the high 
time resolution and polarimetric properties 
of the burst (17). After correcting for dispersive 
smearing, the burst shows an exponentially 
decreasing tail (Fig. 1D), which is consistent 
with scatter broadening as a result of turbu- 


lence in intervening plasma (72). We measure 
the pulse broadening time to be 0.511 + 0.012 ms 
at a reference frequency of 1147.5 MHz, assum- 
ing av * frequency dependence (where v is the 
frequency). 

Ordered magnetic fields in astrophysical 
plasmas add additional, polarization-dependent 
dispersion. This manifests as wavelength- 
dependent variation in the linear polarization 
position angle, referred to as Faraday rotation 
(13). FRB 20220610A exhibits Faraday rota- 
tion, with a rotation measure (RM) of 215 + 
2 rad m *. After correcting for this Faraday 
rotation, we calculate that the burst had an 
intrinsic linear polarization fraction of 96 + 


| 
Table 1. Properties of FRB 20220610A and its host galaxy. The fluence was derived from filter 
bank data that include the full ASKAP bandwidth. UTC, coordinated universal time; S/N, signal-to-noise 
ratio; FWHM, full width at half maximum. The host photometry is expressed in magnitudes (mag) on 
the AB system. The star formation rate (SFR) is in solar masses per year (Mo year~'), 100 Myr SFR is the 
integrated star formation in the past 100 million years (Myr). Z, metallicity of the host galaxy; Zo, 


metallicity of the Sun. 


Measured burst properties 
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1%. The high fractional linear polarization 
allows us to place a 67% upper limit on the 
Faraday dispersion (gm < 0.6 rad m ~~) in- 
duced by fluctuations in the RM in interven- 
ing turbulent plasma. Higher levels of Faraday 
dispersion have been detected for other FRBs 
(14). The burst also shows lower fractional cir- 
cular polarization of 10 + 1%. Although instru- 
mental artifacts can induce spurious circular 
polarization, we do not see any correlation 
between the Stokes polarization parameters 
U and V in the spectrum, which would be 
expected for an instrumental effect (JJ). The 
FRB was located ~4 arc min from the beam 
center, which makes off-axis leakage effects 
unlikely (15). Circular polarization has been 
observed in some FRBs and could either be 
intrinsic to the burst (6) or result from prop- 
agation through relativistic plasma in the im- 
mediate source environment (17). 


Host galaxy properties 


We performed follow-up ground-based optical 
and infrared observations with the Very Large 
Telescope (VLT) and the W. M. Keck Observ- 
atory to identify and characterize the host 
galaxy of FRB 20220610A (11). The images 
(Fig. 2, A to C) show an object at the FRB lo- 
cation that has an extended, multicomponent 
morphology. We label the optical source that 
overlaps the radio position of the FRB as com- 
ponent (a) and two adjacent sources as com- 
ponents (b) and (c) (Fig. 2A). We use a Bayesian 
method to assess the chance of coincidence 
between a radio transient and optical galaxies 
(18), finding >99.99% confidence that the FRB 
is associated with component (a). 

We performed broad-band optical and in- 
frared spectroscopy of components (a), (b), 
and (c) (Fig. 2, D and E) (11). We identify two 
emission lines in the spectra as the [O 11] 3726 
and 3729 A doublet, which is most prominent 
in the spectrum of component (b) (fig. S2). We 
measure the redshift of each component from 
this doublet, finding that they are all consistent 
with zg = 1.016 + 0.002. 

We use the photometry and a stellar popu- 
lation model to estimate the total mass of the 
three components combined as 10” solar masses, 
with a star formation rate of ~0.42 solar masses 
per year (77). These values, in addition to the 
estimated host metallicity and star formation 
history, are consistent with those of nearby 
FRB hosts (19, 20), but the source morphology 
is markedly different. Observed and estimated 
properties of the host galaxy are also listed in 
Table 1. 

The presence of two bright components (a) 
and (c) separated by 2.0 arc sec (which cor- 
responds to a distance of 16 kpc at that red- 
shift), and the diffuse feature (b) between them, 
is consistent with two galaxies interacting or 
merging or with a compact galaxy group. It is 
also possible that the morphology is due to 
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Fig. 2. Optical and 
infrared observations 
of the host galaxy of 
FRB 20220610A. In 
(A) to (C), the FRB 
localization and its 
uncertainty (68% 
confidence) are indi- 
cated by the black 
ellipse. (A) Optical 
g-band VLT image. 
White ellipses outline 
the apertures used for 
the photometry of 
each component 
(table S2). The larger 
unlabeled white 

circle is the aperture 
used for the entire 
combined system. 
(B) Optical R-band 
image. White rectangles 
outline the slit locations 
used for VLT spectros- 
copy. (C) Infrared 
Ks-band image. The 
scale bar applies 

to (A) to (C); it 

shows the angular 
scale and corresponding 
projected physical 

scale at the measured 
host redshift. The color 
bar below each panel 
indicates relative 

count rates in each 
processed image. 

(D) Two-dimensional 
(2D) VLT spectroscopy 
at a slit position 

angle on the sky of 45° 
covering components (a) 
and (b), as marked in 
(B). White arrows 
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indicate two lines due to the [0 1] doublet, with rest wavelengths of 3726 and 3729 A. (E) 1D spectrum (black solid line) and its uncertainty (red dashed line) extracted 
from the 2D spectrum in (D), centered on the peak of the [O 1!] lines using an aperture width of 1.8". The blue line indicates zero relative flux in arbitrary units. 


internal structure within a single galaxy; at 
these redshifts, about half of all galaxies have 
clumpy morphologies (27). We regard the latter 
possibility as unlikely because of the large spa- 
tial separation between the components. Only 
component (a) is detected in the near-infrared 
(K-band) image (Fig. 2C), which indicates that 
it hosts an older stellar population compared 
with the other components. Component (a) 
is also displaced from the centroid of the total 
optical light in the g- and R-bands, contrary to 
what would be expected if it was the nuclear 
bulge of a single galaxy. 


Extending the Macquart relation 


We used the measured properties of FRB 20220610A. 
to investigate the Macquart relation out to z ~ 1, 
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by comparing the observed DM with predic- 
tions based on previous measurements of the 
relation at z < 0.522. Figure 3 shows the rela- 
tionship between DM and redshift for the FRBs 
detected by ASKAP (4). We restrict our analysis 
to the ASKAP sample to reduce the effect of 
selection effects, which depend on the observ- 
ing system. We do not refit the Macquart rela- 
tion because doing so in an unbiased way would 
require a reanalysis of the entire updated FRB 
sample from ASKAP. 

After subtracting a model Milky Way fore- 
ground contribution to the observed DM (11), we 
estimate the non-Galactic DM of FRB 20220610A 
to be #1376 pc cm™, indicating a high column 
density of ionized gas between the FRB and 
Earth. This is higher than the DM expected 


20 October 2023 


from the Macquart relation, by ~650 pe cm™’, 
which is a 2.40 excess (11). If the excess is real 
and originates from the host galaxy, the implied 
electron column density is 1300753”, pc cm? in 
the host rest frame (11), with the uncertainty 
reflecting the intrinsic variation in the contri- 


bution from the intergalactic medium. 


Interpretation of the DM 


We use the scatter broadening and Faraday 
rotation of FRB 20220610A to investigate the 
properties of plasma at z ~ 1. A dispersion ex- 
cess could potentially arise from any combi- 
nation of gas in the immediate vicinity of 
the source, the interstellar medium of the 
host galaxy, or foreground gas along the line 
of sight—any of which could host turbulent 
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Fig. 3. Relationship 3000 
between redshift and 
extragalactic DM for 

FRBs. Data are from the 
ASKAP incoherent sum 

survey (4). The extra- 

galactic dispersion 

(DMeg) is the contribu- re 
tion to DM after sub- > 
traction of a model for e 
the Milky Way (11). Red 

circles indicate localized 

FRBs at the host galaxy 
redshifts. The color scale 
indicates an estimated 
detection probability, 
assuming a maximum 

energy density of 


lo] asf =e 7402 


logio (detection probability) 


(this work). White contours enclose 50% (dotted), 90% (dash-dot), and 99% (dashed) of the probability. The 
white star is FRB 202206104. The black cross shows the repeating FRB 201905208, which was excluded from the 
population inference because of differing selection effects between instruments (28). The uncertainties for all 


measurements are smaller than the symbol sizes. 


Fig. 4. Logarithmic 


plot of fluence as Ss \ Tt sl 
.- . So \ 34 7 

a function of redshift = | \ \ 10°" @ ASKAP 
for localized FRBs. [i \ : —e © FAST 1 
The magenta star is ' | ‘ ies 1 
° | \ ~ 202206 | 

FRB 20220610A. Other =) Dare = 202011244 (A) 


notable FRBs are labeled 

using their Transient 

Name Server designations, o 
= 


omitting the FRB prefix @ 3s es ee x . aprariten (Ay 2 
for brevity. The curved a E N oe d 
solid and dashed contours = t * 83 1 
indicate the energy wo ae 


density in units of ergs per 

hertz. The dash-dotted 

ines show the detection = 
sensitivity of the ASKAP f=) 
incoherent sum FRB 


~ 


%& > \ = 20201124a (s) J 
> 20180301A 4) | 
__ - — -*20T27192A_(D) 


/ 
vol 


l 
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Spherical Telescope oF 


(FAST), and that 


expected for the Square 
Kilometre Array (SKA). 
Repeating FRBs are 


shown at multiple points at the same redshift but different fluences. Plotting symbols are indicated in the legend, 
which also indicates the FRB localization instruments. DSA, Deep Synoptic Array. The green star shows the 
expected fluence of the FRB-like burst from the Galactic magnetar SGR 1935+21 (31, 32) if it were placed at the 


distance of the host galaxy of FRB 20180916A. There are biases in F| 


RB searches that may result in the first 


detections of repeating sources having different properties than subsequent detections, particularly those made 
with other facilities (33). We therefore plot the repeating FRB 20201124A twice—for observations from ASKAP 


(designated A) (17) and the 25-m Stockert radio telescope (S) (34). 
plot separately the initial detection (D) (35) and a sample of follow up 


For the repeating FRB 20121102A, we 
bursts detected with a different instrument 


(R) (36). FRB 20180916A (37) and FRB 20200120E (38) are low-redshift repeating FRB sources. Other burst 
properties are reported from ASKAP (3, 4, 8, 27), DSA-10 (39), and FAST observations of the repeating 


FRB 20180301A (40) and FRB 20190520D (6). For FRB 20180301A, 
different instrument (D) (41). 
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we also plot the initial detection with a 


magnetized plasma. For FRB 20220610A, there 
is an absence of strong (210* rad m~”) Faraday 
rotation or detectable depolarization; this is 
unlike the repeating FRB 20190520B, which 
also showed excess dispersion (6, 14). We suggest 
that the excess dispersion for FRB 20220610A 
originates in a less magneto-ionically active 
plasma compared with that of FRB 20190520B, 
such as in the interstellar medium of the host 
galaxy rather than in the circumburst media 
hypothesized for other sources (77). Models of 
galaxy interstellar media imply that the DM of 
a typical spiral galaxy is unlikely to exceed a few 
hundred parsecs per cubic centimeter except in 
edge-on systems (22, 23). Higher DM values can 
plausibly be produced by high-density clumps 
of gas within the host galaxy, particularly at 
2 ~ 1, where galaxies have a substantially higher 
fraction of their baryons in gas (rather than 
stars) than at z ~ 0 (24). Alternatively, the dis- 


persion could originate from structure in the * 


foreground intergalactic medium or from ad- 
ditional ionized material associated with the 
possible galaxy merger between components 
(a), (b), and (c) discussed above. 

Our DM analysis confirms inferences from 
other techniques (25) that the gas of the 
intergalactic medium is highly ionized. The 
detection of an FRB at zg > 1 allows us to study 
the ionized plasma toward, around, and within 
the host galaxy. We expect a sight line to z = 1 to 
intersect the halos of several galaxies similar 
in mass and size to the Milky Way (26), which 
has previously been used to investigate fore- 
ground galaxy properties using FRBs (27). 


Interpretation of the burst energy 


The measured bandwidth-averaged fluence of 
FRB 20220610A is 45 + 5 Jy ms (where Jy is 
the jansky, equal to 10°’ erg s ‘cm? Hz"), 
which implies an isotropic-equivalent spec- 
tral energy density of (6.4 + 0.7) x 10” erg Hz? 
and a burst energy of (6.4 + 0.7) x 10" erg (1D). 
We derived the burst energy by assuming an 
intrinsic 1-GHz bandwidth and did not apply 
a redshift-dependent correction to the burst 
spectral energy distribution (a K-correction) 
(11). This value exceeds, by a factor of 3.5, the 
characteristic maximum energy Ex derived 
by previous FRB population models (J/, 28). 
It is unknown whether FRBs are emitted iso- 
tropically or only over a limited beaming angle, 
which would affect the inferred energetics and 
could vary between FRB sources (or between 
repeated FRBs from single sources). Assuming 
isotropic emission, we added FRB 20220610A 
to a previous sample of FRBs (28) and refitted 
the FRB burst energy distribution. We find 
that the best-fitting maximum energy Eyyax 
increases by a factor of 2.7 to 10%” * °? erg 
(equivalently, the maximum energy density be- 
comes logio || = 32.7 + 0.2). In Fig. 4, we 
compare FRB 20220610A to the fluence of the 
brightest radio pulse observed from a galactic 
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magnetar—which is a factor of 10° less luminous 
than the burst observed from FRB 20220610A— 
and the wider sample of FRBs. 

If a K-correction is applied, assuming a spec- 
tral index for FRB emission similar to that of 
the burst population found by ASKAP (JJ, 29), 
we find that the burst energy integrated over 
the instrument bandwidth is ~2 x 10” erg, 
which is higher than most localized FRBs (Fig. 
4). This constrains emission models of FRBs 
because the electric field strength at the source 
can be estimated independently of the beam- 
ing angle. The calculation assumes no ampli- 
fication by gravitational or plasma lensing (see 
supplementary text). In one class of models, 
FRB emission is produced near the surface of a 
neutron star. From the luminosity of the burst, 
~3 x 10“ ergs“! in the host galaxy’s rest frame, 
we infer an electric field strength of 4.2 x 10” 
(7/10 km) * Vm“ for a linearly polarized wave, 
where 7 (~10 km) is the curvature radius of the 
neutron star’s magnetic field. At a neutron 
star surface, this value is a few percent of the 
Schwinger critical field strength, at which an 
electric field aligned parallel to the local mag- 
netic field would be screened by electron-positron 
pair production (30). This would suppress the 
FRB rate above the Schwinger luminosity of 
~2 x 10“ erg s' (30). In another class of models, 
FRBs are produced in a shock driven by relativ- 
istic ejecta, associated with the flare of a highly 
magnetized neutron star interacting with the 
neutron star wind. In these models, the radia- 
tive efficiency in the shock is very low (<10~°), 
and hence the required energy in the ejecta 
would be 210“ erg, with the total flare energy 
being even higher. FRB 20220610A and other 
high-luminosity FRBs are challenging to ex- 
plain in both model classes. 
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Determining hot-carrier transport dynamics from 


terahertz emission 


Mohammad Taghinejad”, Chenyi Xia”, Martin Hrton*“, Kyu-Tae Lee®, Andrew S. Kim®, 
Qitong Li, Burak Guzelturk®, Radek Kalousek**, Fenghao Xu‘, Wenshan Cai°”, 


Aaron M. Lindenberg”, Mark L. Brongersma™* 


Understanding the ultrafast excitation and transport dynamics of plasmon-driven hot carriers is critical 
to the development of optoelectronics, photochemistry, and solar-energy harvesting. However, the 
ultrashort time and length scales associated with the behavior of these highly out-of-equilibrium carriers 
have impaired experimental verification of ab initio quantum theories. Here, we present an approach to 
studying plasmonic hot-carrier dynamics that analyzes the temporal waveform of coherent terahertz 
bursts radiated by photo-ejected hot carriers from designer nano-antennas with a broken symmetry. 
For ballistic carriers ejected from gold antennas, we find an ~11-femtosecond timescale composed of the 
plasmon lifetime and ballistic transport time. Polarization- and phase-sensitive detection of terahertz 
fields further grant direct access to their ballistic transport trajectory. Our approach opens explorations 
of ultrafast carrier dynamics in optically excited nanostructures. 


n nanoscale metallic systems, hot carriers— 

high-energy electrons and holes with a non- 

thermal or quasi-thermalized population 

exceeding a room-temperature Fermi-Dirac 

distribution—can be produced through the 
optical excitation of plasmons, followed by a 
nonradiative energy transfer to individual 
electrons located below the Fermi energy level 
(Ey). At the surface of a metal, some of these 
energetic carriers can escape and be harvested 
for various applications. The conversion rate 
from plasmons to hot carriers is predicted to 
be proportional to lk.E pi (7, £) le where & and 
Ey (r,t) represent the electron wave vector 
and spatiotemporal profile of the plasmon 
electric field, respectively (J-4). This suggests 
an exciting possibility of creating “synthetic- 
transport-junctions” that can capitalize on our 
extensive knowledge of plasmon resonances 
to attain high spatial, temporal, and directional 
control over the distribution and transport tra- 
jectory of ejected hot carriers. These energetic 
carriers provide a route to coherently drive 
photochemical and photophysical processes 
(3, 5-15). Key to their successful implemen- 
tation is knowledge of the transport behavior 
across a junction, which has been challenging 
to obtain experimentally. The complexity in 
existing experiments stems from the complex 
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carrier transport across the metal-dielectric 
junction and the thermalization of confined 
nonthermal carriers inside the metal. As these 
processes are colocated in tiny nanostructures 
and evolve at similar ultrafast timescales, they 
are not easily separated in transient optical 
pump-probe spectroscopies. Moreover, most 
transport measurements simply record the 
number of liberated charges into the dielectric 
and cannot distinguish between ballistic car- 
riers and those that have experienced scattering. 
For this reason, neither the optical detection 
of hot-carrier-induced intraband absorption 
nor the electrical detection of photocurrents 
has the temporal resolution or capacity to per- 
ceive the ballistic motion of hot carriers as they 
traverse a transport junction. As a result, the 
application of plasmonic hot carriers has been 
mostly limited to actuating incoherent func- 
tionalities (3, 9, 16-19). To enhance their per- 
formance and to unlock the use of plasmonic 
hot carriers in coherent applications such as 
electromagnetic sources and ultrafast opto- 
electronic switches, understanding the underly- 
ing nonequilibrium transport physics and its 
correlation with plasmon fields is critical. 


Junction design and experimental setup 


The exposure of a plasmonic metal-dielectric 
junction to a near-infrared (NIR) laser pulse 
initiates interfacial electron transport to pro- 
duce a subpicosecond (1 ps, 10°” s) current 
pulse containing a broad spectrum of time- 
varying harmonic components. An oscillating 
electrical current source at an angular fre- 
quency creates an electromagnetic wave at 
the same frequency (20). It is thus expected 
that the plasmonic excitation will give rise to 
the emission of a terahertz (THz) burst with a 
broad spectral signature in the terahertz (1 THz, 
10” Hz) band. Here, we analyze the electric 
field of the radiated waves as a multipotent 
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electromagnetic probe to gain insight int¢ chee 
spatiotemporal dynamics of the hot-ca1_— 
transport. We consider the transport across a 
metal-dielectric junction created by incorporat- 
ing an array of gold (Au) nanostripes in a thin 
titanium dioxide (TiO,) layer. In this study 
(Fig. 1), Au is chosen for its excellent plasmonic 
properties and ability to serve as a hot-carrier 
reservoir. The transparent dielectric TiO, is se- 
lected on the basis of its wide bandgap (Egc¢ * 
3.44 eV) that precludes additional photocar- 
rier generation by the NIR photons outside of the 
metal. In addition, TiO, has a relatively large 
electron effective mass (m* = 0.8 ™o), provid- 
ing a large density of available states to allow 
for facile injection of excited hot carriers (). 

We require plasmonic elements with a broken 
spatial symmetry. Consider a symmetric and 
an asymmetrically corrugated Au nanostripe 
embedded in a thin layer of TiO, as a repeating 
unit cell of two types of plasmonic devices (Fig. 1, * 
A and B). Resonant illumination of these devices 
with NIR laser pulses excites their plasmon 
oscillations, which through nonradiative decay 
yields a nonthermal bath of hot electrons in the 
Au. The quadratic dependence of the plasmon- 
to-electron conversion rate on the plasmon , 
field, IKE pi(7, £) ?, suggests that the genera- 
tion and ensuing transport of hot carriers 
should spatially mimic the geometry-defined 
plasmonic field distribution (J, 27). For sym- . 
metric stripes, this implies that an equal num- 
ber of hot carriers is liberated into TiO, from 
both edges because of the mirror symmetry 
in the geometry and band diagram across the 
TiO,/Au/TiO, heterostructures. By contrast, 
the asymmetric corrugation breaks the geo- 
metrical mirror symmetry in favor of the edge 
with the Au nanotips, which display plasmon- 
enhanced optical fields. In each unit cell, the 
charge transport across the Au/TiO, junctions 
produces two counterpropagating current , 
pulses J(¢) within the device plane. Owing to 
the short transport timescale, the duration of 
these interfacial current pulses is expected to 
be subpicosecond, capable of radiating bursts 
of broadband THz waves (Fig. 1C). The far 
electric-field waveform of THz bursts is pre- 
scribed by the way charges accelerate with 
Evuz(t) < =) (22). Evidently, the temporal 
shape and polarization attributes of the THz 
field are intimately linked to the dynamics and 
trajectory of the interfacial charge motion. 
Therefore, Eyyz(t) is a sensitive electromag- 
netic probe that exclusively monitors the trans- 
port behavior in the presence of other transient 
events that lead to the internal thermalization 
of hot carriers. 

In the device’s far-field, the superposition of 
the two THz bursts emerging from opposing 
Au/TiO, junctions in each unit cell determine 
the net radiation response of the plasmonic 
devices. Given the much higher frequency of 
the NIR excitation pulse than the radiated 
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Fig. 1. Spatiotemporal interplay between plasmonic excitation field, 
hot-carrier transport, and radiated terahertz fields. (A) Schematics of two 
arrays of electrically enabled designer plasmonic antennas for studying the 
spatiotemporal dynamics of hot-electron transport through their THz radiation 
responses. The external bias voltages are only applied during the photocurrent 
measurements. (B) Photo-ejection of hot electrons by a NIR pulse across a 
TiO2/Au/TiO2 heterojunction. SEM images depict a symmetric and an asymmetric 
Au nanostripe that are embedded in a thin TiOz film. The symmetric structure 
liberates an equal number of electrons from the top and bottom junctions, enabled 
by the electric field of the laser in the downward (orange) and upward (blue) 
half cycles, respectively. Breaking the geometrical mirror symmetry leads to a 


THz bursts, the counterpropagating current 
pulses on each side of a stripe evolve essen- 
tially on the same timescale. The width of the 
stripes is also much smaller than the wave- 
length of the THz emission and, consequently, 
the radiated terahertz fields from opposing 
Au/TiO, junctions of the symmetric structure 
are expected to be fully out of phase and in- 
terfere destructively (Fig. 1C). By contrast, the 
asymmetric concentration of the laser field on 
the corrugated side of the Au strips can quasi- 
rectify the transport direction. By breaking the 
geometrical symmetry, it is thus possible to 
generate far-field THz radiation with a polar- 
ization content that is controlled by the tra- 
jectory of the hot-carrier ejection from the 
gold nanotip arrays (Fig. 1C). By comparing 
the radiation responses of these model plat- 
forms (Fig. 1A), we can shed light on the tem- 
poral evolution and ballistic nature of the charge 
generation and transport. 

Figure S1 shows scanning electron micro- 
graphs (SEMs) of the fabricated devices. The 
optical response of both devices (Fig. 1, D and E) 
is dominated by a plasmonic resonance around 
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absorption peak (fig. S3). 


an 800-nm wavelength that is accessible through 
a transverse magnetic (TM) polarized illumi- 
nation. This allows for a convenient plasmon 
excitation with a mode-locked Ti-sapphire laser 
in our THz spectroscopy setup. First, we study 
the number of hot carriers ejected into TiO, as 
a function of the excitation photon energy jw. 
After applying a bias voltage (Fig. 1C), we illumi- 
nate the plasmonic devices with TM-polarized 
laser pulses (pulse width, 100 fs; repetition rate, 
80 MHz; fluence, 25 J cm) and record photo- 
currents to calculate the number of emitted hot 
carriers per laser pulse and by a 1-um-long seg- 
ment of the symmetric and asymmetric nano- 
stripes (calculation details in fig. S2). In both 
devices, the number of ejected carriers exhibits a 
nonlinearly increasing trend with increasing iw 
(Fig. IF) that follows from the energy depen- 
dence of the hot-carrier generation rate in Au 
and the photoemission rate across the Au/TiO, 
interface. According to the modified Fowler’s 
theory, the charge injection rate over an energy 
barrier 6, scales proportional to (ii — og)” 
(1, 23, 24). In addition, the photon-to-electron 
conversion has a notably higher yield in the vi- 
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higher ejection rate from the top edge owing to the enhanced field concentration ‘ 
at the sharp nanotips. (C) The interfacial transport of hot carriers produces 
two counterpropagating current pulses, each enabling the radiation of a coherent 
THz burst. The orientation and amplitude of these current pulses define the 
polarity and amplitude of emerged THz fields, respectively. (D and E) Measured 
spectra of transmitted light through the symmetric and asymmetric structures, 
under TE- and TM-polarized illuminations. (F) Number of photoemitted electrons 
per one laser pulse from a l-um-long segment of gold stripes, as a function 
of hw. Excitation fluence, 25 uJ cm: laser field polarization, TM. For the case of 
the asymmetric device, the subtle kink around 1.65 eV stems from a resonance 


cinity of the plasmonic resonance and intrinsic 
material d-band absorption. Therefore, the large 
density of generated hot carriers and the en- 
hanced photoemission possibility synergistically 
boost the transport efficiency for increasing fw. 
As discussed below, owing to the nature of the 
electronic band alignment at the Au/TiO, in- 
terface, these hot carriers are dominantly sp-like 
conduction electrons inside Au that are excited 
to energy states above op upon the plasmon 
decay (see discussions of Fig. 2D). At the 1.55-eV 
photon energy, our calculation shows that one 
laser pulse liberates ~70 and 380 electrons from 
a 1-um-long segment of symmetric and asym- 
metric nanostripes, respectively. This contrast, 
however, weakens at illumination photon ener- 
gies larger than the plasmon energy because the 
intrinsic absorption properties of gold govern 
the electron-generation process. 


Detecting THz emission 


A schematic of our setup for the coherent de- 
tection of radiated terahertz bursts is shown 
in Fig. 2A (details in materials and methods). 
TM-polarized 800-nm laser pulses with a 
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Fig. 2. Measurement of the THz radiation from rectified hot-electron and 
hot-hole transport. (A) Schematic of the free-space THz detection setup. 
Panels (B) and (E) are measured with a <110> cut ZnTe electro-optic crystal. 
(B) Temporal waveforms of detected THz electric fields. All waveforms are 
normalized to the peak field intensity in the top panel. SEM images in each inset 
identify the type of the characterized structure. All results presented in this 
figure are measured or simulated for TM-polarized illumination. (C) Left: 
Simulated spatial profiles of the electric field in the plane of Au electrodes. P, and 
Py are periodicities along x and y direction. Right: Normalized electric-field 
intensity (i.e., Epi|*) plots recorded along the dashed cyan lines on the 2D maps 


Transport Axis 


0 3 6 9 12 
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and normalized for a better visualization. The amplitude of current pulses 
propagating along the y direction are proportional to the intensity of the excitation 
laser modified by the plasmonic response. The orientation and size of the brown 
arrows qualitatively show the amplitude and direction of electron propagation. (D) A 
quantitative energy band diagram constructed according to a set of pump-probe 
spectroscopic measurements (see fig. S5 for details). E, and Ex denote the top 
edges of symmetry points L and X in the d-band of gold. 63 = 1 eV; E, — Er = -2 eV; 
Ey — Ee = -3 eV. (E) Excitation fluence dependence of the peak-to-peak THz field, 
acquired by exciting the asymmetric device with 400- and 800-nm laser pulses. 
Dashed lines represent linear fits to experimental data points. 


duration of 1 ~ 50 fs (fig. S4) excite plasmonic 
structures, and we use an electro-optical sam- 
pling (EOS) technique to detect the waveform 
of radiated THz bursts that copropagate with 
the laser beam (22, 25). In this approach, Err; (¢) 
is used as a gating field to induce a transient 
birefringence in a nonlinear EOS crystal, lead- 
ing to the polarization conversion of a NIR 
probe from linear to elliptical. The transient 
polarization state of the probe is monitored 
to resolve the temporal waveform of the THz 
electric field. As illustrated in Fig. 2B, the 
transport of hot electrons in the asymmetric 
device indeed enables the radiation of a THz 
pulse with an electric-field waveform resem- 
bling the characteristic far-field response of a 
current-driven electric dipole antenna. Under 
a similar experimental setting, however, the 
detected €71,(¢) from the symmetric structure 
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(Fig. 2B, middle panel) is more than two or- 
ders of magnitude weaker (i.e., a 10* power 
drop). This large contrast is perhaps unexpected 
given that the hot-electron photoemission of 
the asymmetric device outperformed the sym- 
metric structure by less than one order of 
magnitude. We explain this notable radiation 
difference as a consequence of the interplay 
between the spatial distribution of the optical 
field in the plane of the plasmonic devices and 
the interfacial trajectory of the hot-electron 
transport. A simulation of the plasmon field 
distribution at the 800-nm wavelength (Fig. 
2C, left) indicates that the corrugated struc- 
ture concentrates the incident light around the 
apex of the gold nanotips, whereas in the sym- 
metric nanostripe, the top and bottom Au/TiO, 
interfaces experience an identical field enhance- 


ment. Because the spatial profile of the hot- 
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carrier generation approximately mimics the 
energy density of the plasmon field, le pl(7) ls 
(Fig. 2C, right), the symmetric structure produces 
two similar current pulses that propagate in 
opposite directions. Given the in-plane mirror 
symmetry of the band diagram and device ge- 
ometry, there is roughly half of one optical 
cycle (To) ~ 2.7 fs) relative delay in the buildup 
of these current pulses that is minute in the 
terahertz regime. Consequently, the radiated 
Eryz(t) from opposing Au/TiO, junctions in 
the symmetric device interfere destructively, as 
predicted above. The simulation results (Fig. 2C, 
right), however, suggest that the plasmon energy 
density at the apex of the Au nanotips is about 
10 times higher than on the flat side of the cor- 
rugated nanostripe. In addition, compared to 
the flat Au/TiO, interface, the small radius of 
curvature of the nanotips assists to relax the 
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Fig. 3. Probing hot-electron transport dynamics by their THz radiation. 

(A and B) Qualitative illustration of electron density and its temporal evolution as 
a function of electron temperature upon the excitation of intraband electron 
transitions in gold. The decay of Aw plasmons excites sp-band electrons 


to energy states above Er, with a stepwise change of 


momentum Fr (gray). Electron-electron scattering brings the electron bath to a 
quasi-thermalized state that is described with a hot-electron temperature T, 
(red). The transfer of energy from thermalized electrons to the Au 
results in an equilibrium condition in the metal, described with an effective 
temperature, Teg, larger than the room temperature, To. In these diagrams, Ef is 


assumed to be zero. (Inset) : Ballistic electrons are c 


effective distance dei from the Au/TiOz interface. The number of ballistic 


stringent requirement on the electron mo- 
mentum matching during the transport, which 
furthers the photoemission efficiency (26). 
Therefore, the symmetry-breaking approach 
that we used produces a quasi-rectified cur- 
rent pulse immune from the unwanted interfer- 
ence effect. The weak residual radiation from 
the symmetric device is speculated to originate 
from the diminished mirror symmetry of im- 
perfect edges and slightly oblique excitation. 
Figure 2D shows an energy band diagram 
that is constructed with optical pump-probe 
spectroscopy data (see fig. S5 for details). It 
highlights the photon-energy considerations 
for transport of hot electrons and hot holes at 
the interface. TiO, has a large electronic band- 
gap of Egg ~ 3.44 eV and exhibits a dp ~ 1.0 eV 
barrier for the injection of electrons from Au 
(27). This barrier defines the lowest photon 
energy required for the photoemission of elec- 
trons through a linear process. In addition, the 
existence of a Epc — op ~ 2.44: eV energy barrier 
for the photoemission of holes indicates the 
need for an even higher photon energy to liber- 
ate hot holes from Au. Therefore, the THz ra- 
diation (Fig. 2B, top and middle) produced by 
photons within the energy range from 1.0 to 
2.44 eV primarily results from the photo-ejection 
of hot electrons. Such hot carriers are generated 
by the transition of sp-band conduction electrons 
from energy states below Ep of Au to excited 
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electrons 


electron density around 


lattice 


eated in Au within an 


states above ,. To study the THz radiation of 
the hot holes, the output of the Ti:sapphire 
laser is frequency doubled (see materials and 
methods), yielding second-harmonic photons 
at 400 nm with a sufficient energy to access 
electrons in the low-lying energy levels of Au. 
Indeed, 3.1-eV photons can excite interband 
transition of electrons residing in the d-band of 
Au (28), a process that produces hot holes with 
nonthermal energies up to ~0.66 eV below the 
valence band of TiO.. This physical picture was 
verified by the observation of bursts of THz 
fields (Fig. 2B, bottom) after the pulsed excita- 
tion of the device with asymmetric electrodes. 
Similarly to electrons, hot holes also benefit 
from the in-plane rectification of the photo- 
emission thanks to the asymmetric confinement 
of the 400-nm laser field at the gold nanotips 
(Fig. 2C, bottom) and the relaxation of mo- 
mentum matching at the Au nanotips (24, 26). 
Although the 400-nm laser beam is not in res- 
onance with a plasmonic mode (fig. S3B) and 
the laser fluence is low, owing to a lightning rod 
effect at the sharp Au nanotips, the amplitude 
of the emerged field is notably larger than the 
case of the symmetric device under a strong 
on-resonance excitation. This observation fur- 
ther signifies the importance of shape engi- 
neering of the electrodes. It also highlights the 
valuable opportunity to capitalize on hot-hole 
transport in the generation and control of the 
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in this layer drops through electron-electron scattering (brown 
arrows), surface collision (red arrow), or ejection into TiO. (green arrow). (C) A 
comparison between the temporal profile of the measured THz electric field (data 
points) and modeled waveforms (solid lines) for three regimes of ballistic 
transport: t) = 3, 7, and 25 fs. The THz field attributed to t, = 3 fs is calculated 
when Q = 1. (Inset) Modeled waveforms produced by Ji,(t) for ti, = 200 fs 
and T, = 1100 and 4200 K. (D) Temporal shape of the hot-electron current pulses 
derived from the measured electric field. The extracted J,(t) under the 
experimental condition, t, = 50 fs and Q = 7, exhibits a ~58-fs pulse duration 
(brown). The duration of the impulse current response (blue) is ~11 fs. (Inset) 
Normalized amplitude of the Fourier transforms of THz waves produced by 

the experimental and impulse current pulses. 


radiation properties in future hot-carrier- 
based THz sources. This opportunity comple- 
ments possible efforts to manipulate the THz 
emission by engineering the band structure 
and/or electronic states at the Au/TiO. 
interface. 

Under a weak to moderate illumination, the 
magnitude of €yy,(¢) linearly increases with 
the fluence of both laser lines (Fig. 2E), implying 
that the driving current pulses are produced 
through the conversion of a single photon to a 
single hot carrier inside Au. However, a satura- 
tion onset for the electron transport appears 
as the fluence of the 800-nm beam approaches 
~45 uJom™. This effect appears to be due to 
the formation of a transport-induced built-in 
electric field (25) during the leading portion of 
the excitation pulse with a field orientation per- 
pendicular to the Au/TiO, junction. The decay 
time of this built-in field has been reported to be 
a few picoseconds (29), hence acting as a quasi- 
static force resisting the photo-ejection of elec- 
trons during the tens of femtoseconds trailing 
portion of the excitation pulse. Such saturation 
effects often exist in transient phenomena that 
involve an interfacial transport of charges but lack 
a robust knob for preventing a quasi-electrostatic 
material charging. Nonetheless, within the 
available 800-nm excitation fluence in our set- 
up, a complete saturation of the THz radiation 
was not observed. 
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Correlating THz emission and 

hot-carrier dynamics 

From_the measurements of the radiated THz 
field Er,(t), we can calculate the temporal 
shape of the hot-electron-induced current 
pulse J(¢) with a goal of obtaining insights 
into the relevant timescales associated with 
the transport dynamics of these highly ex- 
cited carriers. Such an analysis may also help 
to unveil the heavily debated ballistic or ther- 
malized nature of ejected electrons (30). To do 
so, we create a physically intuitive model that 
captures two key transient physical processes 
pertinent to the buildup of J(¢): (i) dynamics 
of nonthermal hot-carrier generation under 
pulsed laser illumination; and (ii) energy evo- 
lution of hot electrons in Au. It is well estab- 
lished that ballistic nonthermal electrons 
are created through the excitation of surface 
plasmons and their subsequent nonradiative 
decay. The number density of generated non- 
thermal electrons is directly linked to the 
plasmon-enhanced field intensity |€,1(¢)|” in- 
side the metal. Here, the quality factor Q of the 
plasmon resonance controls timescales for the 
buildup and decay of plasmons, both directly 
affecting the time span of J(t). We calculate 
the time evolution of €,() using the temporal 
coupled-mode theory (materials and methods) 
(31) in which Q appears in the total decay rate 
of the plasmon field, yg = 2(QTop) ~, Moreover, 
because of its highly nonequilibrium nature, 
the nonthermal electron system has an inher- 
ent tendency to return to its energy ground 
state. The equilibration occurs through scat- 
tering events that continuously alter the en- 
ergy and momentum distribution of the excited 
electrons and consequently their ejection ef- 
ficiency at the interface. Therefore, to determine 
the magnitude of the photo-ejected electron 
current J(¢) in our model, we need to proper- 
ly account for all possible electron scattering 
processes that can prevent hot carriers from 
escaping the metallic structure, as described 
below. 

Figure 3, A and B, depicts our phenomeno- 
logical model that captures the energy evolution 
of hot carriers. Below Ep and at room tem- 
perature, Au has a relatively uniform electron 
density in its sp-band (Fig. 3A, gray). With a 
generation rate proportional to |E,)(¢) I? the 
nonradiative decay of im plasmons produces a 
stepwise uniform distribution of nonthermal, 
ballistic electrons above Er (Fig. 3B, gray). These 
ballistic charges are primarily created within 
an effective distance d.¢ from the Au/TiO, in- 
terface (Fig. 3A, inset), half of them having an 
initial momentum toward the interface. Within 
an effective transport time ] = degf0y 1 where 
ur is the electron Fermi velocity, ballistic elec- 
trons can arrive at the interface, however, with 
a significantly reduced number due to the 
emergence of electron-electron scattering in a 
short time frame, te_-. Moreover, the severe 
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momentum mismatch between electron wave- 
functions in Au and TiO, causes a notable sur- 
face reflection of the ballistically transported 
electrons to the interface (Fig. 3A, inset) (J). 
Nonetheless, the high-energy tail of the bal- 
listic electrons overcomes $g and creates a 
current pulse of ballistic carriers, J,(t), over 
a duration 1,’ = t1, + 1,’ as ballistic charges 
are removed from the metal by electron-electron 
scattering or when they reach the Au/TiO, in- 
terface. At a longer timescale, the excited elec- 
trons in the Au nanostructures return to a 
quasi-thermalized state in which their energy 
distribution follows a Fermi-Dirac statistic with 
an elevated electron temperature (Fig. 3A, red). 
This occurs after a characteristic thermalization 
time, t,, primarily defined by the number of 
electron-electron collisions needed to thermalize 
the electron bath. At this stage, some thermal- 
ized hot electrons with energies higher than ©, 
(Fig. 3B, red) can still be injected into the TiO, 
to produce a thermal current component, Ji, (t). 
The efficiency and dynamics of the thermal 
electron ejection depend on the electron tem- 
perature, which continuously evolves in time as 
the energy of the electron system is transferred 
to the lattice to finally reach a thermal equilib- 
rium in the metal (Fig. 3, A and B, purple). Be- 
cause thermalized electrons possess different 
energy, momentum, and spatial distributions 
than ballistic ones, they will display different 
temporal dynamics, and a different fraction of 
them will be emitted. We can analyze the mag- 
nitude and characteristic timescales of these 
dynamical processes by fitting our THz emis- 
sion data to basic rate equations and a modified 
two-temperature model as presented in the 
supplementary materials (figs. S6 to S12). 

To gain insight into the importance of these 
processes in the buildup of Jp(¢), it is helpful 
to consider two limiting cases that have been 
studied in the literature (J). First, a 1 ~ 3 fs 
case that represents the possibility of liberat- 
ing ballistic hot electrons during a single optical 
cycle (32). Second, if we consider a scenario in 
which electron-electron scattering controls the 
number of escaping ballistic electrons, then a 
th © 25 fs is expected given at ~ 1.4.nm fs’ and 
an electron mean free path of 35 nm in Au (33). 
Apparently, the modeled €;y,(¢) for neither of 
these scenarios matches the measured signal 
(Fig. 3C). Generally, the positive and negative 
half cycles of Eyy,(¢) are controlled by the rise 
and fall times of the driving current pulse, which 
are linked to 1 and tp, respectively. As such, the 
observed discrepancies in the negative cycle re- 
veal that t is slower than subcycle photon- or 
field-driven photoemission processes reported 
in tunnel junctions (32) and notably faster than 
the characteristic timescale of electron scatter- 
ing in Au. Because the plasmonic resonance 
displays a small Q ~ 7, it takes time to build up 
the resonance field inside the structures, and 
it is thus reasonable to find a value notably 
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larger than the duration of one optical cycle 
but smaller than te_e. Indeed, the measured 
THz signal is precisely reproduced using at = 
7 fs, indicating that both the electron scattering 
rate and transport time inside Au influence 
the time span of J, (¢). By assuming literature 
values for t._. between 20 and 30 fs (33), at} = 
10 fs is calculated, suggesting that the ma- 
jority of ballistic electrons are created within 
a deg * 14 nm away from the interface. This 
small length scale stems from the underlying 
physics of the plasmon decay at the apex of Au 
nanotips. Previous theoretical studies pre- 
dicted that in small nanoparticles, the decay of 
plasmons is dominated by Landau damping, a 
process that generates ballistic electrons within 
a tp >p-thick boundary layer that is ~4 nm at 
the 800-nm excitation wavelength (7). Although 
the extracted deg from our experiments is much 
smaller than the electron mean free path, it 


appears slightly larger than this theoretical 


prediction. However, because of the small ra- 
dius of the curvature of Au nanotips, the por- 
tion of ballistic electrons that move away from 
one side of the isosceles Au triangles can still 
ballistically escape the metal from the other 
side. In addition, phonon-assisted processes 
may have a nonnegligible contribution to plas- 
mon decay, which generates ballistic electrons 
further away from the Au/TiO, interface. There- 
fore, these two effects synergistically elongate 
the measured deg in our plasmonic device. 

If thermalized electrons also played an im- 
portant role in the charge ejection process, the 
THz fields would naturally show some tem- 
poral dynamics that are slower than t._.. To 
assess this possibility, we calculated Jiy(t) and 
its associated Eyy,(t) for an experimentally 
estimated t, ~ 200 fs (figs. S9 and S10). Con- 
trary to Jp(t), the temporal shape of Jin(t) is 
strongly linked to the fluence of the excitation 
laser. The fluence dependence of Jin (¢) stems 
from the temperature dependence of the elec- 
tron heat capacity. Indeed, as the laser fluence 
increases, the effective hot-electron tempera- 
ture, T,, increases. Considering that the electron 
heat capacity increases with 7., at a higher laser 
fluence a larger amount of energy transfer to 
the lattice is required to lower T,. Consequent- 
ly, more electron-phonon collisions are needed 
to establish a new thermal equilibrium between 
electrons and the lattice that occurs over a 
longer timescale (7). To account for these ef- 
fects, we modeled E7y;(t) for a wide range of 
electron temperatures (fig. S12) and show two 
drastically different cases (i.e., T, = 1100 and 
4200 K) in the inset of Fig. 3C. As seen, there 
are large discrepancies between the waveforms 
of the measured and calculated THz fields. 
Indeed, because ty, ~ 200 fs is significantly 
larger than 1 and electron-phonon scattering 
is slower than 1 ps, both positive and negative 
half-cycles of calculated Eyy,(t) deviate from 
the measured signal, revealing that the rise 
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and decay times of the driving current pulse 
should be faster. In addition to their slow dy- 
namics, the injection efficiency of thermalized 
electrons is much lower than that of the bal- 
listic ones because the scattering events lower 
the energy of nonthermal electrons and per- 
turb their initial momentum directed toward 
the Au/TiO, interface. In view of the described 
underlying physics, we suggest that the contri- 
bution of thermalized hot electrons can be safely 
ignored in functionalities that rely on the inter- 
facial transport of hot carriers. The dominance 
of Jp (¢) is consistent with the linear dependence 
of Eyy,(t) on the laser fluence (Fig. 2E) because 
the number of generated ballistic carriers linear- 
ly increases with the laser fluence, whereas the 
thermalized counterpart is expected to display 
an exponential dependence (fig. $12). 

From the THz waveform, we can back-calculate 
the temporal shape of the current pulse Jp (¢) 
and frequency content (Fig. 3D, brown curve and 
inset). The current pulse has a ~58-fs full width at 
half-maximum duration that is mostly broadened 
by the laser pulse. Under an impulse excitation, 
the calculated ballistic current pulse (Fig. 3D, blue 
curve) would shrink to ~11 fs, in line with the 
ballistic transport timescale, electron-electron 
scattering time, and the plasmon lifetime. The 
latter one defines a new opportunity for tuning 
the duration of the THz current pulse (and thus 
the radiation bandwidth) through plasmonic- 
mode engineering. In addition, the fast Fou- 
rier transform of the radiated field by the 58-fs 
current pulse exposes the prospect of achieving 
THz radiation above 10 THz (brown curve, inset 
of Fig. 3D), a bandwidth that could be expanded 


to above 60 THz (blue curve, inset of Fig. 3D) by 
using attosecond laser technology. Such an ultra- 
broad radiation bandwidth is currently out of 
reach for conventional photoconductive THz 
emitters because of the slow recombination 
lifetime of electron-hole pairs in direct band- 
gap semiconductors (34). It is also difficult to 
achieve through the optical rectification of 
short laser pulses because of the inherently 
mismatched group velocity of electromagnetic 
waves in the optical and THz regimes (35). 
Owing to the dominance of the ballistic cur- 
rent component, the polarization properties of 
Evnz(t) contain information about the ballistic 
transport trajectory of electrons and its corre- 
lation with the plasmonic field. We expose this 
distinctive opportunity by controlling the rela- 
tive angle 0 between the polarization of the 
excitation laser and the orientation of the 
asymmetric device in two sets of THz radia- 
tion experiments: rotating the laser polariza- 
tion for a fixed device orientation (Fig. 4A, top) 
and vice versa (Fig. 4A, bottom). As seen in Fig. 
4B, when the polarization angle evolves from 
0° to 90° [i.e., TM to transverse electric (TE)] 
the peak-to-dip amplitude of Ery,(t) drops to 
a minimum and then symmetrically recovers 
to its maximum at 180°. A similar angular pat- 
tern is measured for the hot-electron photo- 
emission response at the Au/TiO, interface 
(Fig. 4C). These angular patterns are inherited 
from the dipolar nature of the plasmon reso- 
nance mode at the 800-nm resonance wave- 
length. A cos?(@) + «sin?(8) function with « = 
0.14 (Fig. 4B) and « ~ 0.1 (Fig. 4C, inset) fits the 
angular pattern of Eyy,(¢) and photocurrent, 


respectively, where the parameter « is con- 
trolled by the TE over TM ratio of |€,1|” around 
the apex of Au nanotips. The translation in- 
variance along the w axis prevents J;(t) from 
contributing to the far-field radiation. There- 
fore, this fitting function describes the in- 
terplay between the net driving current pulse 
perpendicular to nanostripes, J,(¢), and the 
polarization response of the plasmon field. 
Upon device rotation, Eyy,(¢) shows a dras- 
tically different angular behavior (Fig. 4D), 
particularly featuring a polarity inversion when 
0 exceeds ~100° In this case, in addition to the 
amplitude modulation, the device rotation 
also steers the in-plane orientation of Jn(¢), 
denoted by the unit arrow m normal to the 
length of the strips in Fig. 4A. Therefore, 
Evuz(t) has two orthogonal polarization com- 
ponents on w and y axes that are proportional 
to the projection of J,(¢) on these axes. Be- 


transport when 0 exceeds 90° the J,(t) com- 
ponent experiences a flip in its direction that 
should appear as a n-phase shift in its asso- 
ciated THz field. The recorded €7y,(¢) for the 
rotation angles of 0° and 180° (Fig. 4D, in- 
sets) confirms this expectation because both 
waveforms look alike except for their inverted 
polarities. These physical insights guide us to a 
[cos?(®) + «sin? (@)][cos(®) + ysin(6)] function 
that accurately fits experimental data when 
k#0.14andy ~ 0.25 (see calculation details 
in the supplementary text). The expression 
in the first pair of brackets simply describes 
the interplay between the amplitude of the 
total €y,(¢) and the polarization response of 


cause of the rectified nature of the electron ~ 
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Fig. 4. Correlating the in-plane transport trajectory of hot electrons to the 


Bias Voltage (V) 


polarization of the illumination. (A) Top: Rotation of the polarization of the 


excitation laser under a fixed device orientation defined by the arrow n, the unit 
vector pointing normal to the length of the electrode. Bottom: Rotation of the 
device orientation while the input polarization is fixed and corresponds to a TM 


state when @ = 0° The green arrow denotes the direction of the current 


component, J,(t), produced by gold nanotips. (B) Terahertz field amplitude as a 


function of the polarization angle. Each data point is recorded by subtracting 


field values at O and ~0.6 ps, denoted by red and blue dashed lines on the insets 
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Rotation Angle (degree) 


of panel (D). (C) Photocurrent response of the device for the two cases of TM- 


and TE-polarized illuminations for an 800-nm excitation wavelength. The inset shows 


the angular response for a 3-V bias voltage. (D) Correlation between the THz field 


amplitude and the device orientation. Schematics show the in-plane rotation of J,(t) 


and its projection on the x and y axis for a few exemplary rotation angles. The THz 


waveforms depicted in the insets show the measured electric fields for O° and 


180° device orientations. Trailing oscillations at long electro-optical sampling times 


stem from phonon oscillations of environmental molecules and/or the ZnTe 


nonlinear crystal. Solid lines in (B) and (D) are fits according to described models. 
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(Epil? which are linked by the angular response 
of Jy(t). The expression in the second pair of 
brackets is the summation of detected x and y 
components of Erp,(t), which is proportional 
to the summation of J, (t) and J,(t), except for 
ay term that accounts for the polarization de- 
pendency of the EOS detector (see supple- 
mentary text for details). This observation 
demonstrates the opportunity to use €yy,(t) 
as an advanced electromagnetic probe for mon- 
itoring the ballistic motion of hot electrons 
across transport junctions. 


Concluding remarks 


From the perspective of implementing a source, 
a hot-carrier-based THz radiator offers nu- 
merous opportunities. TiO, is transparent to 
visible and infrared photons, yet the photo- 
emission of hot carriers facilitates the radia- 
tion of THz waves. In the presented scenario, 
the current pulse generation is no longer lim- 
ited to photon energies larger than the electronic 
bandgap of the active dielectric material, as is 
the case for a photoconductive switch, but in- 
stead is controlled by the interfacial energy 
barrier. The o,% 1 eV at the Au/TiO, interface 
indeed allows for the conversion of visible to 
NIR (~1.2 um) photons to THz waves, owing to 
the fast transport of hot carriers. This wave- 
length range can be conveniently expanded to 
the short or even mid-wave infrared regime 
by replacing TiO, with, for example, silicon 
or indium tin oxide with smaller transport 
barriers (9, 36). Although the magnitude of the 
hot-electron current pulse is smaller than 
the photocurrent produced in a conventional 
photoconductive THz source, the highly ac- 
celerated electron transport over the barrier 
allows for an efficient emission across a broad 
frequency range without applying an electrical 
bias, in an ultracompact device platform. Fur- 
thermore, the correlation between the near- 
field plasmonic response and the hot-electron 
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transport trajectory offers new degrees of free- 
dom for synthesizing complex polarization 
states, at the THz band, by relying on the rich 
portfolio of plasmonic platforms. The insights 
obtained about the spatiotemporal transport 
dynamics uncovers the promising potential of 
hot-carrier current pulses for enabling coher- 
ent optoelectronic functionalities in small- 
scale device architectures. 
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The collapse of eastern Bering Sea snow crab 


Cody S. Szuwalski?*, Kerim Aydin’, Erin J. Fedewa’, Brian Garber-Yonts?, Michael A. Litzow” 


The snow crab is an iconic species in the Bering Sea that supports an economically important fishery and 
undergoes extensive monitoring and management. Since 2018, more than 10 billion snow crab have 
disappeared from the eastern Bering Sea, and the population collapsed to historical lows in 2021. We 
link this collapse to a marine heatwave in the eastern Bering Sea during 2018 and 2019. Calculated 
caloric requirements, reduced spatial distribution, and observed body conditions suggest that starvation 
played a role in the collapse. The mortality event appears to be one of the largest reported losses of 
motile marine macrofauna to marine heatwaves globally. 


now crab (Chionoecetes opilio) is one of 

the most abundant and widely distrib- 

uted species in the benthic ecosystem 

of the eastern Bering Sea. The snow crab 

population has supported an iconic fish- 
ery valued at ~US$150 million (ex-vessel 
average from 2012 to 2021), and fisheries 
management in Alaska is considered some 
of the most effective in the world (1). A key 
component of this management is a yearly 
bottom trawl survey conducted by the Na- 
tional Marine Fisheries Service that monitors 
the size and number of snow crab on the 
eastern Bering shelf (Fig. 1A). Many field and 
laboratory studies aimed at understanding 
population processes such as growth and ma- 
turity have also been performed (2). Despite 
this attention and effort, the stock unexpect- 
edly collapsed in 2021. 

The collapse in 2021 occurred 3 years after 
the observed abundance of snow crab was at 
historical highs (Fig. 1C). Groups of crab of 
similar sizes are called “pseudocohorts” be- 
cause true cohorts cannot be identified as a 
result of difficulties in aging crab associated 
with the loss of the hard body parts during 
the molting process. The largest pseudocohort 
on record began to be observed in the survey 
beginning in 2015 and unexpectedly declined 
by roughly half from 2018 to 2019 (Fig. 1D). 
The survey was cancelled in 2020 because of 
the coronavirus pandemic. The 2021 survey 
found the fewest snow crab on the eastern 
Bering Sea shelf since the survey began in 
1975. More than 10 billion crab disappeared 
from the eastern Bering Sea shelf from 2018 
to 2021 (3). 

Hypotheses to explain the disappearance 
fall under two categories: Either the crab are 
still alive, but the survey did not sample them, 
or the crab died. It is possible that the crab 
are in the eastern Bering Sea but were poorly 
sampled by the most recent surveys. If this 
were the case, one would expect estimates for 
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other morphometrically similar species such 
as Tanner crab to have declined unexpected- 
ly, but the population trend for Tanner crab 
increased (fig. S1). Movement to the northern 
Bering Sea could account for declines in the 
eastern Bering Sea, but surveys in the north- 
ern Bering Sea did not find crab in the quan- 
tities or of the correct sizes to explain declines 
in the southeast (Fig. 1A). Movement west into 
Russian waters is another possibility, but 
Russian scientists reported declines in catch 
per unit effort in 2020 (4), which one might 
not expect if crab from Alaska emigrated. In 
addition, it is possible that the crab moved into 
deeper waters on the Bering Sea slope. The 
high fishery catch per unit effort in deeper 
waters during the 2021 fishery supports this 
possibility to some extent, but the amount of 
available habitat is <10% of that on the shelf 
(5), and fishery catch per unit effort during 
2022 was the lowest on record (fig. S2). Con- 
sequently, it is unlikely that all of the miss- 
ing crab from the shelf are on the slope. Given 
these observations, mortality is a likely culprit 
for the bulk of the collapse. 

Changes in temperature, predation, fishery 
effects, disease, and/or cannibalism could af- 
fect mortality rates. Snow crab are generally 
associated with cold water, but they can func- 
tion in waters up to 12°C in the laboratory (6). 
A marine heatwave occurred in the Bering Sea 
during 2018 and 2019, and the “cold pool” (a 
mass of water <2°C on the sea floor with 
which juvenile snow crab are associated) 
was absent during this period (Fig. 1B). Al- 
though not fatal, the resulting bottom temper- 
atures could affect metabolic rates and alter 
intra- and interspecific interactions. Smaller 
crab are a major component in the diet of 
Pacific cod in the Bering Sea (7), and recent 
changes in the distribution and abundance of 
cod and crab have contributed to increased 
consumption of crab by cod (fig. $3). Remov- 
als by the snow crab fishery and incidental 
mortality in fisheries for other species in the 
Bering Sea may also affect the population dy- 
namics of snow crab. Cannibalism of smaller 
crab by larger crab is another possible source 
of mortality and has been suggested as an 
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ter crab syndrome, a fatal disease that results 
from infection by a dinoflagellate (9), has been 
observed more frequently in the survey in the 
past several years and is generally associated 
with warmer conditions and high densities 
of immature crab. 

To understand the recent collapse, we first 
attempted to understand the historical variabil- 
ity in mortality. We fitted a population dynamics 
model to the abundance and size composition 
data for male crab and estimated recruitment 
(small crab entering the population) and a 
maturity- and year-specific total mortality. “Total 
mortality” represents the fraction of crab dying 
from any cause in a given year. We then col- 
lated maturity-specific time series of potential 
stressors from 1990 to 2019 and used them in 
generalized additive models (GAMs) (JO) to pre- 
dict total mortality estimated from the popu- 
lation dynamics models (detailed methodology, 
sensitivities, and simulation testing are pro- 
vided in the supplementary materials, mate- 
rials and methods). 

The population dynamics model fitted the 
indices of abundance and size composition data 
from the survey well, which is not unexpected, 
given the flexibility of the model (Fig. 2, A and 
B). Estimated mortality was higher and more 
varied for mature crab than for immature crab, 
and estimated mortalities in 2018 and 2019 
were the some of the highest in the time series 
for immature and mature crab. We simulated 
snow crab populations with time variation in 
mortality to understand the ability of our pop- 
ulation dynamics model to estimate these quan- 
tities with the available data. The correlation 
between estimated mortality and simulated mor- 
tality were high, which suggests that analyses 
relating estimates of mortality and environ- 
mental covariates are justifiable (supplemen- 
tary materials, materials and methods). 

GAMs fitted to estimated immature and 
mature mortality explained ~78 and ~71% of 
the variability, respectively (Fig. 2C). Higher 
temperatures and higher densities of mature 
crab were significantly associated with higher 
estimated mortality for mature crab. Higher 
temperatures were also associated with higher 
immature mortality, but the best-fitting rela- 
tionship between immature mortality and ma- 
ture density was dome shaped. The importance 
of temperature and density was robust to 
changes in data quantity (such as leave-one-out 
cross validation), consideration of the uncer- 
tainty in mortality estimates, and randomization 
trials (supplementary materials, materials and 
methods). 

Our results do not support a strong connec- 
tion between variability in snow crab mortality 
and indices of trawling, predation, cannibal- 
ism, or disease. All of these forces must con- 
tribute to underlying mortality to some degree, 
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Fig. 1. The collapse of the snow crab population in the eastern Bering Sea. 

(A) Snow crab are widely distributed on the eastern Bering Sea shelf, and densities of 
crab were an order of magnitude lower in 2021 compared with 2018. Each square 
indicates a survey tow with snow crab present, and the red line separates the northern 
Bering Sea survey and eastern Bering Sea survey extent. lat, latitude; lon, longitude. 
(B and C) Changes in ice extent and (B) the resulting cold pool area influence (C) the 
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Carapace width (mm) 


population dynamics of snow crab. Only male abundance is plotted; shading indicates 
the 95% confidence intervals. (D) The relative numbers at size of crab observed in 

the survey over time. The vertical dashed line indicates the size at which the fishery 
begins to retain crab. Smaller crab are poorly captured by the survey gear, so the 
true size of a cohort is not apparent until a few years after it is first observed in the 
survey—compare 2015 with 2018, for example. 
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Fig. 2. Population dynamics fits and covariate relationships with mortality. 
Population dynamics model fits to the survey data. The top row relates to immature 
crab; the bottom row relates to mature crab. (A) Points and vertical lines indicate 
observed abundances, and estimates are shown in blue, with 95% confidence 
intervals shaded in light blue. (B) Box plots are size composition data aggregated 


but several observations corroborate the idea 
that temperature and population density were 
the key variables in the recent collapse. Cod 
predation was near average levels during the 
collapse when considering the number of snow 
crab in the system, and for a portion of the year, 
a large fraction of the cod population moved out 
of the eastern Bering Sea into the northern 
Bering Sea, which rarely occurs. This move- 
ment would serve to decrease the already 
average predation on snow crab in our study 
area. Furthermore, the missing snow crab were 
of a size that is larger than cod usually eat in 
large numbers. Trawling pressure has been 
another oft-raised potential cause of the col- 
lapse, but trawling activity in the Bering Sea 
has been relatively consistent over the past 
~20 years. The observed bycatch of snow crab 
by trawlers was several times lower during the 
collapse than historical highs, and estimated 
mortality was low during the historical periods 
of high bycatch. This observation, coupled with 
the largest cohort in history having established 
and grown on the sea shelf for ~8 years under 
consistent trawling pressure, are difficult to re- 
concile with the idea that trawling contrib- 
uted to the collapse. A more in-depth discussion 
of these points is available in the supplemen- 
tary text. 

Assessing the predictive skill of a model is 
an important check on overfitting and is rele- 
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vant to providing management advice. After 
an ecologically and economically costly col- 
lapse, it is natural to ask whether we could 
have foreseen the collapse. To explore this 
question, we excluded 1, 2, and 3 years of data 
from the end of the time series; refitted the 
models; then tried to predict the excluded years 
of mortality with the covariates from those 
years. The model for immature mortality con- 
tained enough information in 2016 to forecast 
an increase in mortality, but it was not able to 
reach the magnitude of the estimated mortal- 
ity in 2019 (Fig. 2C). The model for mature 
mortality performed similarly, forecasting an 
increase in mortality over the projection period, 
but it was not able to reach the estimated 
mortalities until the most recent data were 
included in the model. This suggests that the 
circumstances underpinning the recent col- 
lapse were unprecedented in the Bering Sea 
in recent history. 

The collapse of the eastern Bering Sea snow 
crab population appears to be one of the 
largest reported losses of motile marine macro- 
fauna to marine heatwaves globally (11), ex- 
acerbated by the record number of snow crab 
in the ecosystem. However, the thermal limits 
of snow crab exceed the observed tempera- 
tures (6). Temperature-dependent caloric re- 
quirements are a potential explanation to relate 
temperature to mortality. Foyle et al. (6) showed 
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over the study period with average estimated size composition over year by 
size shown in blue. (C) Fits (blue) to estimated mortality (red) from GAMs with (D) the 
significance of covariates resulting from replicates over leave-one-out cross validation. 
Lighter shades of blue in (C) are fits of the model with a given number of years 
excluded from the end of the time series and then predicting the held-out data. 


that caloric requirements for snow crab in the 
laboratory nearly double from 0°C to 3°C, 
which is roughly the change experienced by 
immature crab from 2017 to 2018 (Fig. 3A). 
Caloric requirements in 2018 (calculated from 
temperature occupied, abundance of crab at 
size, and weight at size) quadrupled for the 
modeled fraction of snow crab in the eastern | 
Bering Sea from 2017 and were double the , 
previous maximum value in 1989 (Fig. 3B). 
The impact of increased caloric demands ap- 
pears to be reflected in the observed weight at 
size. A crab with a 75-mm carapace width in 
2018 weighed on average 156 g and was ~25 g 
lighter (~15% of its body weight) than a crab in 
2017 of the same size in the same-temperature 
waters (Fig. 3C). Furthermore, the spatial foot- 
print of the stock was near the lowest levels 
historically in 2018 (Fig. 3, D and E). The un- 
precedented caloric demands, coupled with 
a small area from which to forage relative to 
historical grounds, suggest that starvation 
likely played a role in the disappearance of 
more than 10 billion snow crab, similar to 
the marine heatwave-related collapse of Pacific 
cod in the Gulf of Alaska in 2016 (72). 

The eastern Bering Sea snow crab popula- 
tion collapsed once before in the late 1990s, 
but that collapse arose from a lack of recruit- 
ment, not a sudden mortality event. The Arctic 
Oscillation and sea ice have been linked to 
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Fig. 3. Influence of temperature on snow crab metabolism, body 


condition, and distribution. (A) Impact of tempera 
ments for snow crab in the laboratory. [Reproduced 


(B) The extrapolated caloric requirements for crab in the eastern Bering Sea 
based on temperature, abundance at size, and weight at size. (C) The 


observed weight at size colored by the temperature 


snow crab recruitment, and projections of re- 
cruitment suggest that snow crab abundances 
will decline in the future as sea ice disappears 
from the eastern Bering Sea (73). However, 
these declines were projected to occur at least 
20 years from now. Given the recent collapse, 
the short-term future of snow crab in the 
eastern Bering Sea is precariously uncertain. 
Over the long term, the northern Bering Sea 
is a prospective climate refuge for snow crab 
(and potentially a fishery) (14), but the pos- 
sibility of a fishery rests on the unclear pros- 
pect of crab growing to a larger size in the 
north and the currents retaining pelagic larvae 
released in the northern Bering Sea. 

In 2020 and 2021, 59 boats fished for snow 
crab, which brought $227 million (ex-vessel) 
into fishing communities (15). The disappear- 
ance of snow crab will be a staggering blow 
to the functioning of some communities in 
rural Alaska, such as those on Saint Paul 
Island, which rely strongly on the revenue de- 
rived from the capture and processing of snow 
crab. The Magnuson-Stevens Act includes pro- 
visions for fisheries disaster assistance, which 
were designed to provide economic support 
for communities who face hardship as a re- 
sult of collapsed fisheries. The number of 
applications in the United States has been in- 
creasing in recent years (J6), and an applica- 
tion for snow crab was received in early 2022. 
These funds are a boon in the medium term, 
but years can pass between disaster and dis- 
persal of these funds. Consequently, Alaskan 
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crabbers face an uncertain short-term future 
because the disaster funds may not arrive 
in time to forestall the bankruptcy of long- 
standing businesses. 

Beyond the fishery for snow crab, Alaskan 
fisheries are some of the most productive in 
the world; they produced 5.27 billion tons of 
seafood in 2021, valued at US$1.9 billion (17). 
The collapse of the snow crab population was 
a strong response to a marine heatwave, and 
other populations in the Bering Sea also suf- 
fered large losses. Salmon populations in the 
north collapsed, and seabird and seal die-offs 
occurred (78). However, other populations are 
flourishing. Sablefish abundances are at all- 
time highs in the Bering Sea (19), and the 
assessment for walleye pollock, which sup- 
ports the largest fishery in the Bering Sea and 
one of the largest in the world (20), reported 
one of the largest estimated year classes es- 
tablished in 2018 (27). Pollock may still decline 
under continued warming (22), but the short- 
term response to markedly warmer bottom 
waters was a population boom. The adaptive 
capacity of species is a key uncertainty in the 
outcome of warming oceans, but it is very prob- 
able that the benthic community in the eastern 
Bering Sea in the not-too-distant future will 
look different from today’s given the rapid 
pace of warming (23). 

Overfishing has historically been the largest 
threat to global fisheries, but in many parts of 
the world, this problem has been addressed 
with careful management (7). Climate change 
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were collected. The lines indicate the relationship between weight at size in 
2017 and 2018 while holding temperature at 1°C. (D) The spatial extent of the 
stock has varied over time, as seen through the number of stations at which 
crab were observed in the 400-square-nautical-mile grid. (E) Distribution in 
2018 (colored tiles) was one of the smallest on record (gray tiles indicate 
maximum historical range). 


is the next existential crisis for fisheries, and 
snow crab are a prime example for how quickly 
the outlook can change for a population. In 
2018, catches were projected to increase to 
levels not seen in decades. Three years later, 
the population had collapsed. Our current man- 
agement tools base management targets and 
projected sustainable yields on the historical 
dynamics of a population. However, projections 
based on historical dynamics are unreliable 
when the future environmental conditions of 
a region will not resemble the past. Incorpo- 
rating environmental drivers into management 
targets has been a recent focus of the scientific 
literature, but this can result in counterintuitive 
management responses such as increasing ex- 
ploitation rates on populations undergoing 
climate-related declines in productivity (24). 
Our experience in the management of a col- 
lapsing snow crab population suggests that 
considering environmental influence in esti- 
mates of biomass used to set catch limits can 
be important, but how to consider environ- 
mental change in management targets is an 
unresolved question. 

Beyond reconsidering how sustainable catches 
and management targets are calculated under 
widespread changes in productivity, other prac- 
tical matters need close attention from fisheries 
managers and stakeholders. These include (i) 
enacting efficient and timely disaster response 
with plans for the possibility that a “disaster” 
is permanent, (ii) implementing management 
institutions that allow fishers to pursue diverse 
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portfolios of species, and (iii) ensuring consistent 
and timely biological surveys. Support for the 
development of alternative marine-based live- 
lihoods (such as mariculture) may also alleviate 
some of the pressures associated with fishery 
collapses. The Bering Sea is on the frontlines 
of climate-driven ecosystem change, and the 
problems currently faced in the Bering Sea 
foreshadow the problems that will need to be 
confronted globally. 
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Chemically recyclable polyolefin-like 


multiblock polymers 


Yucheng Zhao'+, Emma M. Rettner“+, Katherine L. Harry’, Zhitao Hu’, Joel Miscall*“, 


Nicholas A. Rorrer**, Garret M. Miyake’2* 


Polyolefins are the most important and largest volume plastics produced. Unfortunately, the enormous 
use of plastics and lack of effective disposal or recycling options have created a plastic waste 
catastrophe. In this work, we report an approach to create chemically recyclable polyolefin-like materials 
with diverse mechanical properties through the construction of multiblock polymers from hard and 
soft oligomeric building blocks synthesized with ruthenium-mediated ring-opening metathesis 
polymerization of cyclooctenes. The multiblock polymers exhibit broad mechanical properties, spanning 
elastomers to plastomers to thermoplastics, while integrating a high melting transition temperature 
(Tm) and low glass transition temperature (T,), making them suitable for use across diverse applications 
(Tm as high as 128°C and T, as low as -60°C). After use, the different plastics can be combined and 
efficiently deconstructed back to the fundamental hard and soft building blocks for separation and 
repolymerization to realize a closed-loop recycling process. 


olyolefins make up over half of all plas- 

tics produced with diverse applications 

that impact nearly every aspect of mo- 

dern life (7, 2). However, the inert charac- 

teristics that provide plastics their useful 
materials properties make them resilient to 
degradation in the environment, with an es- 
timated lifetime of hundreds of years and 
unknown environmental consequences (3, 4). 
Mechanical recycling of plastics is largely un- 
successful for preserving their value or as a 
waste remediation strategy; only around 9% 
of all plastics have been recycled (5). A sub- 
stantial challenge in mechanical recycling is 
the need for physical separation because mixing 
different types of plastics leads to macrophase- 
segregated materials with compromised mate- 
rials properties (6). Even if separation is achieved, 
mechanical recycling initiates cross-linking and 
chain-scission reactions that abate materials 
properties. Valorization of plastics is an alter- 
native approach to recapture resources but 
yields new chemicals rather than original 
monomer feedstocks (7, 8). For example, poly- 
ethylene (PE) can be converted to low-molecular 
weight hydrocarbons for new applications in- 
cluding liquid fuels or waxes (9-11). An inspi- 
rational approach for a closed-loop life cycle 
of sustainable plastics is to design systems 
that are chemically depolymerizable back to 
the original monomers for purification and 
repolymerization (72). These technologies are 
not yet economically or technologically via- 
ble replacements for polyolefins because the 
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complete depolymerization back to monomer 
maximizes the number of chemical bonds that 
must be broken and reformed during the re- 
cycling process, necessitating extreme reac- 
tion efficiency and increased energy inputs 
(13, 14). A more efficient strategy would de- 
construct plastics back to oligomeric units to 
allow for purification, yet minimize the num- 
ber of bond transformations that must occur 
during chemical recycling. 

Despite strong motivations, depolymerizable 
polyolefin-like materials have not yet been es- 
tablished as a broad replacement for the rich 
spectrum of polyolefin applications (15). The 
deconstruction of polyolefins is thermodynam- 
ically challenging, requiring energy-intensive 
conditions to break strong carbon-carbon bonds, 
leading to substantial side reactivity. As such, 
the incorporation of more chemically reactive 
functional groups into the polyolefin main 
chain to facilitate degradation has gained in- 
creasing attention (J6, 17). Insertion of ketones 
into PE through the copolymerization of eth- 
ylene with carbon monoxide results in photo- 
degradable PE derivatives that can break 
down to smaller fragments but falls short of 
creating a circular plastics life cycle (78). The 
step-growth condensation polymerization of 
diester-functionalized alkanes with diols re- 
sults in PE-like materials possessing ester 
functionality that enables depolymerization 
back to the building blocks for repolymeriza- 
tion (19). However, this approach produces 
a limited scope of materials and yields poly- 
mers that possess high ester content and low- 
er thermal and materials properties relative 
to PE. The ester functionality does not dras- 
tically impact the unit-cell identity relative 
to PE but does lead to decreased lamellar 
thickness, destabilization of the crystal lat- 
tice, and lowering of the melting transition 
temperature (T,,) (20). Although condensa- 
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oligomeric building blocks with small-mole-—~ 
diols affords plastics with lower ester con- 
tent for improved thermal and materials prop- 
erties more comparable to PE (20), traditional 
step-growth polymerizations require pre- 
cise stoichiometry matching of complimen- 
tary polymerizable groups (i.e., esters and 
alcohols) of the monomers to be coupled to 
achieve high molecular weight and technol- 
ogically useful polymers. Even slight imba- 
lances in stoichiometry result in drastically 
reduced polymer molecular weights and as- 
sociated properties (22). Therefore, because 
of this constraint it is difficult to access poly- 
mers that possess disparate properties through 
a step-growth polymerization without com- 
pletely changing the chemical identity of the 
building blocks. 

We recognized that a major challenge to 
realizing diverse and recyclable polyolefin-like 
materials through a step-growth polymeri- 
zation would require a polymerization meth- 
odology able to overcome the constraints of 
precise stoichiometry matching of chain-end 
groups and allow for deviations in monomer 
feed ratios. Notably, a step-growth polymeriza- 
tion of monomers or oligomers possessing 
identical chain-end groups would overcome 
this challenge and allow for modulation of 
the monomer feed composition to produce 
diverse high-molecular weight polymers with 
functionality designed for recyclability (Fig. 
1A). The polymerization of oligomers presents 
the opportunity to readily produce multiblock 
polymers that can integrate multiple proper- 
ties into a single macromolecule. For example, 
multiblock polyolefins with sequences of crys- 
talline high-density PE and amorphous low- 
density polyolefin have both a high 7,, anda 
low glass transition temperature (7,), which 
provide strength and elasticity across a large 
window of operating temperatures and con- 
ditions (23). By contrast, the 7,, of ethylene 
and o-olefin statistical copolymers decreases 
with increasing o-olefin incorporation (23). 
With this objective in mind, we were inspired 
by the ruthenium-catalyzed dehydrogenation 
polymerization of alcohols to produce poly- 
esters (24). Furthermore, in the presence of 
hydrogen, the ruthenium complex can catalyze 
the depolymerization of polyesters to diol 
building blocks (25, 26), which suggests that 
a system for closed-loop chemical recycling 
could be developed using this methodology. 
This proposed circular plastics life cycle would 
be driven by the closed-loop removal and in- 
corporation of hydrogen, the simplest and 
smallest molecule possible for a condensation 
polymerization and a sought-after foundation 
for green energy (27). Here, we report an ap- 
proach for synthesizing multiblock polyolefin- 
like materials constructed from hard and soft 
aliphatic oligomeric building blocks with highly 
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Fig. 1. Overview of chemically recyclable polyolefin-like multiblock materials with tunable properties from polymerization of hard and soft oligomers. This 
strategy (A) successfully builds on an approach for the synthesis of ester-linked polyolefin-like multiblock polymers to create a platform for closed-loop recycling 
of mixed plastics catalyzed by a ruthenium complex (B). 


Table 1. Properties of multiblock polymers tuned by controlling the hard-block incorporation. See supplementary materials for details. For PEx 

samples, x represents the feed ratio of hard block in copolymers. Weight average molecular weight, My; dispersity, D; degree of crystallinity, X.; glass transition 
temperature, T,; melting transition temperature, T,,; decomposition temperature at 5% weight loss, Ts; Young's modulus, E; tensile strength, oyrs; elongation 
at break, ¢,; tensile toughness, Uy; zero-shear viscosity, no. Average values for E, outs, €p, and Uy are provided with standard deviations from the mean value 


of four to six samples. 


Sample My D Branches 
(kDa) (M,/M,) (per 1000C) 
PEO TAL 24 62 


tunable materials properties dictated by the 
ratio of the two types of blocks. Notably, the 
different multiblock polymers can be mixed 
and efficiently depolymerized back to their 
building blocks for purification and repoly- 
merization, demonstrating the recycling of 
these different plastics. 


Oligomer synthesis and copolymerization 


To produce the required telechelic diol- 
functionalized hard [HO-HB-OH;; HB, hydro- 
genated poly(cyclooctene)] and soft JHO-SB-OH; 
SB, hydrogenated poly(3-hexylcyclooctene)] oligo- 
meric blocks, we used ruthenium-mediated 
ring-opening metathesis polymerization (28) 
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Xo T, Tm Tas E Cuts Eb U; No x 10° 
(%) (°C) (°C) (°C) (MPa) (MPa) (%) (MJeM"°) (Pas) 
0 0.58+0.05 0.041 700 + 100 0.19 + 0.04 345) 


270 + 10 


of cyclooctene or 3-hexylcyclooctene, respective- 
ly, in the presence of cis-hexadec-6-ene-1,16- 
diol as a chain-transfer agent (fig. S1). These 
oligomers were subsequently hydrogenated 
(40 bar Hy, 100°C for 36 hours), catalyzed by 
residual ruthenium in the unpurified product, 
to yield the hard HO-HB-OH [weight-average 
molecular weight (M,,) = 3.3 kDa] and soft 
HO-SB-OH (M,, = 3.0 kDa) building blocks 
(figs. S2 to S4). The crystallizable hard block 
was designed to imbue high 7;,, and modulus into 
the polymer, whereas the hexyl-functionalized 
soft block was designed to introduce controlled 
short-chain C6 branching to create noncrystalli- 
zable, elastomeric soft domains. Branching has 
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substantial influences on polyolefin thermal and 
mechanical properties, primarily by reducing 
the allowable degree of crystallinity and 
increasing free volume (29). The oligomers 
were polymerized in high yields (>90%) with 
varying ratios of hard and soft blocks to 
modulate the hard content from 0 to 100% (figs. 
S5 to S10) by using ruthenium-catalyzed de- 
hydrogenation polymerization to high-molecular 
weight polymers (M,, = 62.7 to 90.4 kDa) (figs. 
S11 to $14 and table S1) with high dispersity 
(D > 2.2), as expected for polymers produced 
through a step-growth polymerization (Fig. 1B 
and table $2). The branching content of the 
polymers was determined by proton nuclear 
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Fig. 2. Properties of multiblock polymers can be modulated over diverse 
regimes. (A) Stacked 1H NMR spectra, (B) normalized differential scanning 
calorimetry traces, (C) melting temperature of multiblock polymers, commercial 
olefin block copolymers (OBCs), HDPE, LLDPE, and statistical olefin copolymers 


magnetic resonance spectroscopy ((H NMR) 
and was consistent with the block feed ratios 
(Fig. 2A). Although the catalyst proved diffi- 
cult to remove and colored the polymers (tables 
83 and S4), advantageously, depolymerization 
could be successfully performed with this re- 
sidual catalyst (table S9, entry S22). From 
sustainability and practical perspectives, 
precious metal catalysts for commodity plastic 
production are undesirable, and the residual 
ruthenium contamination could impede use 
in biomedical or food packaging applications, 
especially those in which transparency is de- 
sired. Toward addressing this concern, lowering 
the catalyst concentration or using a different 
ruthenium complex produced considerably less 
colored materials (table S5 and figs. S15 and S16). 


Polymer properties 


The resulting polymers were thermally stable, 
with high decomposition temperatures at 5% 
weight loss (Ty; = 406° to 421°C; fig. S17), con- 
sistent with commercially available high-density 
PE (HDPE; Ty5 = 430°C) or linear low-density 
PE (LLDPE; Ty5 = 434°C) samples (Table 1). 
With increasing hard content, the crystallinity 
of the polymers increased from 0 to 68% (Fig. 
2B). Polymers with hard content <80% exhibited 
low glass transition temperatures (T,, = -46.5° 
to -60.0°C; figs. S18 and S19 and table S6), 
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whereas a high melting transition tempera- 
ture (Tn = 106° to 124°C) was observed for all 
multiblock polymers containing hard blocks, 
similarly to olefin-block copolymers (OBCs). 
(Fig. 2C and table S7). Further examination of 
the crystallinity by wide-angle x-ray scattering 
(WAXS) showed peaks corresponding to the 
orthorhombic unit cell of PE (fig. S20), although 
polarized light optical microscopy revealed 
that the crystallites were smaller in size than 
LLDPE or HDPE samples because of the pres- 
ence of the ester group (fig. S21) (20). Thus, 
the multiblock polymers possessed both a 
high 7,, and low T;, to allow for thermoplastic 
and elastic properties across a wide operating 
temperature. 

Rheology was performed to investigate the 
creep compliance and zero-shear viscosity (no) 
of the multiblock polymers. Generally, no in- 
creased with increasing hard content from 
PEO to PE100 (1 = 3.45 to 447 x10° Pa:s), 
indicating that the introduction of short-chain 
branching reduced entanglement (fig. S22 and 
table S8). The molecular weight variations, 
combined with different hard and soft com- 
positions and statistical block sequence forma- 
tions, led to imprecise correlations with these 
properties (30). In comparison with poly- 
olefins of similar molecular weights, these multi- 
block polymers exhibit increased no, which 
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as a function of density, (D) representative stress-strain curves, (E) modulus, 
and (F) property comparison of toughness and modulus between multiblock 
polymers, HDPE, and LLDPE. Error bars represent standard deviations from 
the mean value of four to six samples. 


hints at different interactions that may prove 
advantageous for use at temperatures approach- 
ing the 7,, with reduced concern for mate- 
rial deformation (table S8). We postulate 
that this result may be due to structural effects 
imparted by functional group interactions from 
the addition of esters or from the block- 
polymer organization and effects due to the 
disparity in block sequences across varying 
compositions. 

The mechanical properties of the multiblock 
polymers were investigated by uniaxial tensile 
testing (Fig. 2D and figs. S23 and S24). Poly- 
mer properties spanned drastic regimes, from 
elastomers to plastomers to thermoplastics, 
by increasing the hard content. Both Young’s 
modulus (£) and tensile strength (opts) in- 
creased by over three orders of magnitude (E = 
580 kPa for PEO to 800 MPa for PE100; ops = 
40.5 kPa for PEO to 24.7 MPa for PE100) (Fig. 
2E and fig. $25). Furthermore, all samples 
spanning these regimes demonstrated excel- 
lent extensibility, with the average strain at 
break (€,) for all multiblock polymers exceeding 
700%, with PE20 and PE40 achieving >1000% 
strain at break. These materials also exhibited 
tunable tensile toughness (U;) ranging from 
0.19 to 150 MJem™ (Fig. 2F). PE60, PESO, 
and PE100 all exhibited thermoplastic behav- 
ior with yield points and strain hardening, 
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whereas a yield point was not observed for 
elastomeric polymers containing lower PE con- 
tent. The overall thermal and materials proper- 
ties of these polymers are akin to commercial 
OBCS. They also exhibit greater strain at break 
relative to commercially available HDPE and 
LLDPE samples tested in this work, and the 
toughness of PE80 and PE100 are compara- 
ble to or exceed that of very tough engineering 
plastics (>100 MJem *) (table $7). 


Recycling studies 


To complete the closed-loop chemical recycling 
process, the depolymerization of PEO was op- 
timized to convert the polymer back to the 
fundamental oligomeric building blocks (fig. 
$26 and table S9). Although the residual ruthe- 
nium catalyst in the polymer with 40 bar H, at 
160°C in toluene was found sufficient to cat- 
alyze the depolymerization after 24 hours (entry 
$22), additional catalyst was added to ensure 
sufficient active species in recycling studies 
(table $3). The closed-loop chemical recycling 
process of mixed-plastic waste was demon- 
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strated; in doing so, the multiblock polymers 
of all compositions following tensile testing were 
combined for simultaneous depolymerization 
(>99% conversion) and the hard and soft 
oligomeric building blocks were separated 
and purified in 91.7% isolated yield with no 
observable signs of oligomer decomposition 
by ‘H NMR (Fig. 3A and figs. $27 and $28). The 
hard and soft blocks were readily separated 
through industrially viable selective-solvent 
isolation (37) by precipitation of the hard block 
and purified to remove catalyst residues to 
low parts-per-million levels such that ruthenium 
levels did not increase during subsequent poly- 
merizations. These recovered oligomers were 
successfully repolymerized to PESO, which was 
subsequently depolymerized and repolymerized 
back into PE80 for two additional cycles with all 
steps proceeding in high yields (tables S10 and 
S11). The molecular weights of the recycled PESO 
multiblock polymers remained consistent (My = 
73.8 to 96.6 kDa) (figs. S29 and S30), demonstrat- 
ing the robustness of this closed-loop recycling 
process. Notably, tensile testing of all recycled 
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Fig. 3. Chemical recycling of multiblock poly- 
mers. (A) Photographs of the chemical recycling of 
mixed multiblock polymers. (B) Representative 
stress-strain curves of virgin PE80 and repolymer- 
ized PE8O RP-1, PE80 RP-2, and PE80 RP-3. 

(C) Tensile strength and toughness of virgin PE8O 
and repolymerized PE80 RP-1, PE80 RP-2, and 
PE80 RP-3. Error bars represent standard deviations 
from the mean value of four to five samples. 

(D) A mixture of PP and PE60 as an example of 

a potential polyolefin waste stream. Photographs of 
mixed plastics in toluene (left), reaction after 

72 hours (middle), and the separated PP, 
HO-HB-PH, and HO-SB-OH (right). 

See supplementary materials for details. 


PESO samples revealed that the modulus, tensile 
strength, elongation at break, and toughness 
were comparable to the virgin PE8O sample 
(Fig. 3, B and C, and fig. S31). We demon- 
strated that these multiblock polymers can 
be separated from technologically important 
isotactic polypropylene (PP) (Fig. 3C and figs. 
$32 and S33). Mixtures of PE and PP are dif- 
ficult to separate, do not homogeneously blend, 
and result in materials with compromised prop- 
erties, emphasizing the importance of being able 
to separate mixed plastics or devise strategies for 
compatibilization (32). In the presence of com- 
mercially available PP, the depolymerization of 
PE6O was efficient, and the oligomers were 
readily separated from the PP in high yield 
(92%) (fig. $32). 

Despite vast synthetic strategies available to 
produce polymers, the ability to synthesize multi- 
block polymers remains a challenge most com- 
monly met through tedious sequential monomer 
additions (33). Synthesizing multiblock poly- 
mers from hard and soft aliphatic oligomers 
possessing identical chain-end groups creates 
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a platform to produce highly tunable polyolefin- 
like materials and their closed-loop chemical 
recycling process, including in the presence 
of other commercially important plastics. The 
modularity of this approach coupled with im- 
provements focused on enhancing sustaina- 
bility will further allow realization of other 
chemically recyclable plastics enabled by the 
multiblock polymer architecture for the union of 
otherwise unobtainable polymer compositions 
(34). Although this approach provides a prom- 
ising resolution to pressing challenges of plastic 
recycling, we foresee that forthcoming en- 
deavors will uncover nonprecious-metal cata- 
lyst systems that exhibit enhanced performance 
to enable commercial impact. 
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EPISTASIS 


Idiosyncratic and dose-dependent epistasis drives 
variation in tomato fruit size 


Lyndsey Aguirre’, Anat Hendelman’, Samuel F. Hutton®, David M. McCandlish2*, Zachary B. Lippman?2** 


Epistasis between genes is traditionally studied with mutations that eliminate protein activity, but 
most natural genetic variation is in cis-regulatory DNA and influences gene expression and function 
quantitatively. In this study, we used natural and engineered cis-regulatory alleles in a plant stem-cell 
circuit to systematically evaluate epistatic relationships controlling tomato fruit size. Combining 

a promoter allelic series with two other loci, we collected over 30,000 phenotypic data points from 
46 genotypes to quantify how allele strength transforms epistasis. We revealed a saturating 
dose-dependent relationship but also allele-specific idiosyncratic interactions, including between alleles 
driving a step change in fruit size during domestication. Our approach and findings expose an 
underexplored dimension of epistasis, in which cis-regulatory allelic diversity within gene regulatory 
networks elicits nonlinear, unpredictable interactions that shape phenotypes. 


pistasis analysis is an essential tool for dis- 
covering functional relationships between 
genes. At its simplest, an epistatic interac- 

tion is determined by testing whether 

the phenotypic effect from one gene mu- 
tation modifies (e.g., suppresses or enhances) 
the phenotypic effect of another (/, 2). Histor- 
ically, epistasis studies have relied on muta- 
tions with strong effects on protein function 
and phenotype, typically obtained from natural 
mutants or laboratory mutagenesis experiments 
(1-4). Recently, high-throughput engineering 
and the combination of gene deletions in yeast 
have allowed for the characterization of global 
interaction networks (5-10). Although these and 
related studies, including those now leverag- 
ing genome-editing technologies in more com- 
plex systems (17-15), can dissect epistasis at 
scale, they do not address how cis-regulatory 
mutations—which are pervasive in genomes 
and responsible for the majority of functional 
variation in organisms (J6-19)—affect epistatic 
relationships and the phenotypes they control. 
Compared with protein-coding mutations, 
cis-regulatory mutations more often produce 
graduated effects on gene function that alter 
expression level or timing (16, 20, 27). Across 
species, natural variation in gene expression 
is predominantly associated with regulatory 
sequences of the differentially expressed genes 
(6, 19, 22), and cis-regulatory variants are the 
primary contributors to phenotypic diversity 
(16, 18). However, despite the critical functional 
role of these variants, few studies have explored 
epistatic relationships in the context of cis- 
regulatory variation (5, 10, 23), and none have 
done so in depth. Because of limited allelic var- 
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iation at known interacting genes and inade- 
quate quantitative phenotyping power in most 
model systems, we lack an understanding of 
how this widespread genetic variation affects 
the form and magnitude of epistasis. 

We addressed this knowledge gap by taking 
advantage of the CLAVATA-WUSCHEL (CLV- 
WUS) gene regulatory circuit in plants (24). 
CLV-WUS controls stem-cell proliferation in 
small groups of cells at shoot apices called 
meristems, which enable the continuous de- 
velopment of new tissues and organs during 
postembryonic growth (24). Using tomato as a 
model, we asked how previously documented 
epistatic interactions in this circuit are affected 
by replacing one critical gene, CLAVATA3 (CLV3), 
with a wide range of stronger and weaker cis- 
regulatory alleles. 

CLV3 encodes a small signaling peptide that 
restricts stem-cell proliferation and meristem 
size by repressing WUS, a stem-cell-promoting 
homeobox transcription factor gene (24). In 
a negative feedback loop, WUS suppresses its 
own expression by activating CLV3 to restrict 
stem-cell proliferation and maintain meristem 
size throughout development (24). Epistasis 
between CLV3 and WUS was first established 
by using mutants in the model Arabidopsis 
thaliana (25), and our previous CRISPR-Cas9 
mutagenesis of the tomato orthologs has shown 
that this relationship is conserved (26-28). In 
both systems, meristem growth in wus mutants 
ceases during vegetative development, resulting 
in a failure to develop flowers and fruits. Con- 
versely, meristems of clv3 mutants become 
greatly enlarged, leading to more flowers, fruits, 
and their associated organs, including seed 
compartments known as locules. In a classical 
suppression epistatic relationship, wws muta- 
tions completely mask clv3 phenotypes (cluv3 
wus double mutants are indistinguishable from 
wus single mutants). Tomato also features an 
additional layer of epistasis involving a paralog 
of SICLV3 (Solanum lycopersicum, denoted 
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by SZ) in the CLV3/EMBRYO-SURROUND Se 
REGION (CLE) gene family, SICLE9 (27). SIC. — 
is an ancient paralog, whose natural allelic state 
in wild and domesticated tomatoes is a partial 
loss of function (hypomorphic) resulting from 
changes in both its protein sequence and cis- 
regulatory control (27, 29). Whereas null mutants 
of Sicle9 are indistinguishable from wild-type 
(WT) plants, Siclv3 is strongly enhanced by 
Slcle9, demonstrating a canonical unequal re- 
dundancy (30) epistatic relationship between 
these paralogs. 

Although conventional protein-coding null 
mutations were used to characterize these epi- 
static relationships, two natural cis-regulatory 
alleles of SIWUS and SICLV3 are also known to 
exhibit a strong epistatic interaction (26). In 
fact, this interaction played an important role 
in the expansion of fruit size through an in- 
crease in locule number that occurred during 
tomato domestication (26, 31). Specifically, the 
ancestral state of tomato, which is maintained 
in many cultivated genotypes, is to produce 
fruits with two or three locules (Fig. 1A). A 
quantitative trait locus (QTL) allele known as 
locule number (ic) then emerged in the progen- 
itor of modern tomatoes (37). This allele dis- . 
rupts a repressor element downstream of SIWUS 
(Slwus”), leading to a weak gain of function 
and a slight increase of ~10% in the number of 
three-locule fruits (26). Subsequently, another . 
QTL allele, fasciated (fas), arose in the form of 
an inversion that reduces the activity of the 
SICLV3 promoter (Slelv3"*) (26, 31), resulting 
in twice as many locules as are found in WT 
plants (SICLV3"5). The combination of these 
cis-regulatory alleles in homozygous double- 
mutant plants (Slelo3 Slwus”) produces an 
enhanced (synergistic) epistatic effect on loc- 
ule number that surpasses their combined 
individual effects (Fig. 1A) (26). Thus, the 
emergence of Siclv3“* in the context of the , 
preexisting Stwus" background is thought to 
have been a key step in the increase in fruit size 
observed during tomato domestication (37). 
However, additional cis-regulatory alleles of 
the SICLV3 locus exist (32, 33), and it remains 
an open question whether this synergistic in- 
teraction is specific to Slelv3 or whether other 
cis-regulatory alleles of this gene with varying 
allelic strengths would also exhibit epistatic 
enhancement with Slwus”. 


Epistasis across an allelic series 
of cis-regulatory mutations 


Using natural alleles to investigate the impact 
of cis-regulatory allelic diversity on epistatic 
interactions in any system is challenging be- 
cause of their varied genetic backgrounds and 
our limited understanding of their phenotypic 
effects. Previously, we used CRISPR-Cas9 to en- 
gineer cis-regulatory deletion mutations that 
overlapped with the disrupted cis-regulatory 
sequences of Slwus" and Slelv3!, resulting 
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Fig. 1. A promoter allelic series of the fruit-size gene SICLV3 reveals 
idiosyncratic epistasis. (A) The S/WUS-SICLV3 circuit and the paralog SICLE9 
control locule number. Images show fruits of WT plants (left) and of Siclv3’ 
Slwus double mutants (right). Dashed lines and numbers indicate locules. 

(B) Experimental design. (C) Heatmap of SICLV3 promoter region encompassing 
11 Slclv3 promoter (Siclv3"’) alleles. Purple intensity in 20 base-pair (bp) 
windows indicates ratios of sequence change relative to WT (light blue). Red 
intensity indicates inversion. Stacked bar charts are percentage of fruits having 
each locule-number range. White and gray boxes indicate WT and mutant 
genotype for each gene, respectively. N/n, total replicated plants (N) and 


in mimics of their individual effects in the same 
genetic background (26, 28). In the same ex- 
periment, we engineered an additional 28 Slclu3 
promoter alleles (Slelw3”" °), resulting in a con- 
tinuum of locule-number variation ranging from 
subtle increases in the proportion of three-locule 
fruit to strong Slclv3 null-like effects shown 
in fruits that on average contain more than 
15 locules (28). Leveraging this genetic resource 
and its power to quantify locule number over a 
wide phenotypic range, we tested whether the 
Slwus” mimic (Skeous®) consistently enhances 
the effects of Slclv3”” cis-regulatory alleles to 
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Sielv3"** and Slwus'. 


the same degree as with Slclv3™, or whether 
epistatic interactions are dependent on the al- 
lelic strength and/or specific identity of the 
Slclv3””’ alleles. 

From the pool of available Siclu3”” alleles, 
we selected 12 that represent the full spectrum 
of locule-number variation, including Slelv3" aes 
and demonstrated that their homozygous mu- 
tant effects are reproducible across multiple 
years and environments (fig. SLA and table S3). 
This resource allowed us to measure how the 
magnitude of the epistatic interaction with 
Slwus®” changes across this allelic series of 
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total replicated fruits (n). (D) Epistasis models between SiwusC®* and the 
Siclv3""? alleles, depicted by plotting percent change of double mutants against 
mean log locule numbers of Siclv3"° mutants. The combined effect of Slwus'® 
and Siclv3®® is indicated. (E) Slwus°®"" effect on mean log locule number 
(Slwus°®"" Siclv3"° genotypes compared with SIWUS‘S Siclv3° genotypes), 
plotted against mean log locule number of the corresponding SIWUS“° Siclv3"° 
genetic background (error bars indicate +1 SE). Data are from two replicated 
trials, except for Siclv3""°* (see also fig. S2A and tables S2 and $3). Red arrows 
show strongest idiosyncratic effects, including positive synergism between 


cis-regulatory mutants (Fig. 1C). To evaluate 
the combined effects of Siclvu3””’ and Slwus®” 
cis-regulatory alleles, we created all possible 
double-mutant combinations in the same ge- 
netic background as that of the single mutants 
(Fig. 1B and fig. S1, A and B). We then quantified 
locule numbers from all 2 x 12 = 24 geno- 
types, including WT and single mutants, across 
two replicated experiments (Fig. 1, B and C, 
and fig. S2A). 

We considered several specific hypotheses on 
how the magnitude of this epistatic interac- 
tion (table $2) might change as a function of 
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Fig. 2. The compensating paralog SICLE9 interacts with SICLV3 in a 


sigmoidal dose-dependent epistasis relationship. (A) Stacked bar charts 
show percentage of total fruits for each locule number range of Siclv3"" 
single- and Siclv3"° Sicle9 double-mutant alleles. White and gray boxes indicate 
WT and mutant genotype for each gene, respectively. N/n, total replicated 
plants (N) and total replicated fruits (n). (B) Representative fruit images 

and locule-number quantification (mean +1 SD) showing the effect of Sicle9 on 


cis-regulatory allelic strength: the absence of 
epistasis from Slwus“*™ (i.e., additivity), as well 
as three modes of epistasis across the Sicluv3””’ 
allelic series: proportional, constant, and idio- 
syncratic (Fig. 1D). In proportional epistasis 
(also known as the multilinear model) (34), the 
Slwus® effect scales linearly with Slclv3?" 
allelic strength, whereas in constant epistasis, 
the Slwus™ effect is the same for each mutant 
allele. By contrast, idiosyncratic epistasis is al- 
lele specific in that the Stous®” effect varies, 
potentially in either positive or negative di- 
rections, depending on the Siclv3?”’ mutant 
background (35, 36). 

To test these hypotheses, we built a nested 
family of models and fit them to the log- 
transformed data using maximum likelihood 
(supplementary materials). This analysis found 
that although neither the constant nor pro- 
portional epistasis models provided a better fit 
than the additive model (likelihood-ratio test, 
P= 0.88 and P = 0.32, respectively), the additive, 
constant epistasis, and proportional epistasis 
models could all be rejected in favor of the 
idiosyncratic epistasis model (likelihood-ratio 
test, P < 0.0001 against all simpler models). Thus, 
the effect of Slwus“” across the Slclu3”” allelic 
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tables S2 and S3). 


series is neither constant nor a simple func- 
tion of allelic strength but rather varies sub- 
stantially in an allele-specific manner (Fig. 1E). 
A notable example is Siclv3”””*”. Whereas this 
single mutant displays higher locule numbers 
than both the Siclvu3™ and Slelu3™ Stwus*” 
genotypes, counter to expectations, in the back- 
ground of Slclv3””’??, Skous™ actually de- 
creases locule number, constituting a strong 
negative idiosyncratic effect (Fig. 1, C to E). 
Moreover, our analysis also shows that the 
strong positive idiosyncratic effect from Skous" 
on the Slelw3* background was not observed 
with any other Slclv3""° alleles (Fig. 1E). Thus, 
the combined effect on locule number from 
Slelv3™ and Slwus" played a distinct and crit- 
ical role in enhancing fruit size during domes- 
tication, beyond what their individual effects 
could achieve. 

The idiosyncratic epistasis between SZ 
and a subset of specific Siclv3”” alleles was sur- 
prising given the continuous phenotypic var- 
iation produced across the Siclv3°”° allelic 
series. This raised the question of whether such 
unpredictability would be recapitulated with 
mutations of SICLE9, which enhance the ef- 
fects of both the Slclv3 null mutation and the 
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locule number in WT plants and the Siclv3"? mutants. Scale bars, 1 cm. 

(C) Sicle9 effect on mean log locule number (Sicle9 Siclv3"° double mutants 
as compared with SICLE9 Siclv3"” single mutants), plotted against the mean 
log locule number of the corresponding SICLE9 Siclv3"’° genetic background 
(error bars indicate +1 SE). Black line indicates the maximum-likelihood fit for the 
sigmoid model. Data are from three replicate trials (see also fig. S2B and 


Slclv3" cis-regulatory mutation (27). Notably, 
similar to what occurs in Slclv3 null alleles, 
the expression of SICLE9 is up-regulated in 
Slelv3 mutant meristems, although to a lesser 
degree (27). We confirmed this result and showed 
further that, overall, across the Slelv3””” allelic 
series, SICLE9 expression increases when SICLV3 
expression decreases (fig. S3) as one moves 
from low to high locule-number alleles. These 
observations suggested that, unlike Slwus*”, 
which produced idiosyncratic epistasis when 
combined with the Siclv3”” allelic series, Slcle9 
could progressively enhance locule numbers 
across the allelic series, which would support 
proportional epistasis (Fig. 1D). 

Using the same Silclv3”” mutants and ap- 
proach as we did for Slwus (Fig. 2A and fig. 
S1C), we unexpectedly found that for Sicle9, 
all of the simpler models were again rejected 
in favor of the idiosyncratic epistasis model 
(likelihood-ratio test, P < 0.0001 against all sim- 
pler models). However, unlike the findings 
for Skous®”, in which the allele-specific effects 
varied substantially between phenotypically 
similar genetic backgrounds, in Slcle9, the 
additive model could be rejected in favor of 
both the constant and proportional epistasis 
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models (likelihood-ratio test, P < 0.0001 for both 
models), and examination of the estimated epi- 
static effects between all single- and double- 
mutant pairs (table S2) suggested that the 
Slcle9 effect varied in a threshold-like man- 
ner as a function of Slclv3”” allelic strength. 
In particular, whereas Sicle9 had only a mini- 
mal effect on locule in the weaker Siclv3”’? 
backgrounds (which express SICLV3 at near- 
WT levels) (fig. S3), a larger effect emerged in 
the stronger, higher locule backgrounds where 
SICLV3 is expressed at a substantially lower 
level (fig. S3), including Slelv3"* and the near 
null mutant Siclv3"° (Fig. 2B). On the basis of 
these observations, we fit an additional model 
in which the Silcle9 effect increases as a sig- 
moid function of the strength of the Siclu3””’ 
background (Fig. 2C). Although the idiosyn- 
cratic epistasis model still provided a better fit 
to the data (likelihood-ratio test, P < 0.0001), 
the sigmoid model provided a better fit than 
either the constant or proportional epistasis 
models (likelihood-ratio test, P < 0.0001 against 
both simpler models). Moreover, if we con- 
sider the epistatic variance in log locule number 
as the fraction of the variance that is accounted 
for by the idiosyncratic epistasis model but 
not by the additive model, we find that the 
sigmoid model captures the vast majority of 
this variance (90.0%, table S2). We thus con- 
clude that although there is a statistically sig- 
nificant idiosyncratic component to the Slcle9 
effect, the overall pattern is a dose-dependent 
saturating relationship, in which the effect of 
Slcle9 is negligible until a critical Slclv3*”? al- 
lelic strength (critical degree of SICLV3 dis- 
ruption) is reached. Above this threshold, the 
effect of Sicle9 increases and eventually reaches 
an approximately constant level of enhance- 
ment in stronger Siclu3””’ backgrounds. 


Higher-order mutant combinations reveal 
additional idiosyncrasy 


Although our findings show that the effects of 
Slcle9 null mutants have a sigmoid epistasis 
relationship across the Slclv3”” allelic series, 
modern genotypes typically also carry Slwus" 
(31). To evaluate whether this pattern is main- 
tained in the presence of Slwus“”, we con- 
structed and phenotyped a combinatorially 
complete set of triple mutants using a subset 
of five mutant Siclv3”"? alleles with a wide 
range of allelic strengths (Fig. 3A, 6 x 2x 2= 
24 total genotypes). We found previously un- 
known and unpredicted epistatic interactions 
in these higher-order mutants that were not 
present in the double mutants. Although the 
effect of Sicle9 on locule number is negligible 
in WI, Slwus®”, and weak Slclv3’”? mutant 
backgrounds, locule number was enhanced by 
Slcle9 in all triple mutants, including with the 
weak Siclv3"’’? allele (Fig. 3A and fig. S2C), 
and the Sicle9 effect broadly increased and 
approached saturation at approximately the 
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level predicted by the sigmoid model (Fig. 3B). 
Although our previous analyses showed that 
Slwus* had a strong positive and negative 
idiosyncratic influence on the effects of Slelua’* 
and Slclu3’"’*”, respectively (Fig. IE), we did 
not observe strong idiosyncratic epistasis with 
Slcle9 and these alleles, even though Skeus” 
was present in the backgrounds of the triple 
mutants (Fig. 3 and table S2). By contrast, we 
observed a substantial reversal of the Slcle9 ef- 
fect on Slclv3?”’™ in the presence of Skwus®™, 
in which locule number is actually decreased, 
instead of increased, by the Slcle9 mutation 
(Fig. 3B). Consistent with this idiosyncratic 
effect, the constant and proportional epistasis 
models were rejected in favor of the idiosyn- 
cratic epistasis model (likelihood-ratio test, P < 
0.0001 against both simpler models). Taken to- 
gether, these findings demonstrate that the 
predictability of epistatic effects and pheno- 
typic outcomes in two-way interactions can be 
altered in higher-order allelic combinations. 


Discussion 


Cryptic background mutations, which have 
subtle or no effect on phenotype (37), are per- 
vasive in genomes, and despite little knowl- 
edge about their underlying genes, alleles, and 
mechanisms, these mutations are widely rec- 
ognized as critical factors that shape the evolu- 
tionary trajectories of traits under both natural 
and artificial selection (2, 38-40). Our obser- 
vations expose the dynamic role played by epi- 
stasis among the natural and cryptic alleles of 
these genes during tomato domestication. The 
natural hypomorphic S/CLE9 allele preexisted 
as a cryptic variant in the genome of the wild 
progenitor of tomato (27, 29) and was followed 
by Slwus", whose subtle influence on locule 
number likely also persisted cryptically (37). 
Consequently, the later emergence of Slelv3 
would have immediately triggered a positive 
idiosyncratic epistatic interaction with Slwus”, 
wherein these Slclv3/ mutants displayed a 
marked increase in locule number that they 
would not have shown in the absence of these 
preceding mutations. Thus, the fortuitous 
SLCLV38 cis-regulatory allele responsible for 
the initial and most consequential step in en- 
hancing fruit size by increasing locule number 
during domestication appears to have had its 
quantitative effect arise from the combination 
of an unpredictable idiosyncratic interaction 
with the cryptic gain-of-function Stwus" allele 
and from alleviation of dose-dependent sup- 
pression by the cryptic hypomorphic SI/CLE9. 
The idiosyncratic epistatic effects that we 
observe here are presumably driven by allele- 
specific differences in the composition and 
location of regulatory elements within the 
SICLV3 promoter. However, identifying the 
causative regulatory elements is difficult be- 
cause each mutant allele typically disrupts 
dozens of transcription-factor binding sites 
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(28) and because the regulatory architecture 
of meristem development remains incomplete- 
ly understood (24). In light of the remarkable 
complexity of epistatic interactions originating 
from a limited number of background mu- 
tations and a one-dimensional array of allelic 
strength, our findings hold ramifications for 
other organisms and phenotypes in both nat- 
ural genetic contexts and genetic engineering. 
Gene regulatory networks are the foundation 
of biological systems (41, 42), and these net- 
works depend on intricate signaling and feed- 
back mechanisms—encompassing both positive 
and negative regulation—between genes and 
their protein products, often involving paral- 
ogs engaged in asymmetrical redundancy rela- 
tionships (3, 30, 43). Notably, the redundancy 
relationship between SICLV3 and SICLE9 is 
based on a widespread transcriptional compen- 
sation mechanism (27, 29, 43, 44), suggesting 


that similar saturating dose-dependent epistatic ~ 


interactions are likely to be ubiquitous. How- 
ever, varying allelic states of redundant paralogs 
could affect the form of dose-dependent rela- 
tionships. For example, S/CLE9 orthologs differ 
across Solanaceae crops, from the more potent 
partner of the SICLV3 ortholog in groundcherry 
to the complete loss of this gene in eggplant 
(29). These varying allelic states are important 
to consider when designing editing strategies 
to increase locule number. Likewise, how epi- 
stasis is transformed across an allelic series 
could also be influenced by environmental con- 
ditions. We found that the phenotypic effects 
of both coding and regulatory SICLV3 muta- 
tions are typically not substantially affected by 
the environment (28), and although the pat- 
terns of epistasis observed in our study might 
have some dependence on environment, the 
genotype-specific locule-number distributions 
remained remarkably consistent across dif- 
ferent field seasons and locations (fig. S2). 
Applying methods similar to those used here 
provides a path to determine the form of these 
interactions for other organisms, traits, and 
environments, which would facilitate the fine- 
tuning of phenotypes in a controlled and quan- 
titative manner. 

It is important to acknowledge, however, that 
the predictability of outcomes when engineer- 
ing new alleles and allelic combinations may 
be influenced by idiosyncratic interactions 
with other background mutations (2, 45, 46). 
Indeed, our observation of a previously un- 
identified idiosyncratic effect in the Slclu3 "° 
Slwus"° Slcle9 triple mutants, which was not 
present in the Slclv3”” Slwus” double mu- 
tants, underscores how predictability of ef- 
fects from engineered alleles may decay in 
increasingly divergent genetic backgrounds. 
A related issue is that natural alleles responsible 
for phenotypic differences between genotypes 
and species, which are being increasingly re- 
vealed through pangenomics (32, 33, 47, 48), 
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may be enriched for idiosyncratic effects re- 
sulting from the action of natural or artificial 
selection (49, 50), as seen with Slclv3/* and 
Slwus. More broadly, the expected degree of 
variability in epistatic interactions displayed 
by different alleles at the same locus, how these 
epistatic interactions are transformed as a func- 
tion of allelic strength, and whether these pat- 
terns differ between natural versus artificial 
alleles and regulatory versus coding sequences 
remain as open questions. Although we have 
shown that our Siclv3”” allelic series interacts 
differently with Slwus" (idiosyncratically) ver- 
sus Sicle9 (a systematic, dose-dependent re- 
sponse), it will be informative to investigate 
whether other allelic series will exhibit con- 
sistent or distinct patterns of epistatic interac- 
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tion when the same allelic series is paired with 
different epistatic partners. Systematic map- 
ping of predictable epistatic interactions, striv- 
ing to minimize and perhaps leverage potential 
idiosyncratic effects, represents a key challenge 
in present and future endeavors to modify, 
correct, and optimize traits in agriculture and 
human health. 
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FOOD WEB ECOLOGY 


Periodical cicadas disrupt trophic dynamics through 
community-level shifts in avian foraging 


Zoe L. Getman-Pickering't, Grace J. Soltis?+, Sarah Shamash’, Daniel S. Gruner’, 


Martha R. Weiss**§, John T. Lill’*§ 


Once every 13 or 17 years within eastern North American deciduous forests, billions of periodical cicadas 
concurrently emerge from the soil and briefly satiate a diverse array of naive consumers, offering a 
rare opportunity to assess the cascading impacts of an ecosystem-wide resource pulse on a complex 
food web. We quantified the effects of the 2021 Brood X emergence and report that more than 

80 bird species opportunistically switched their foraging to include cicadas, releasing herbivorous 
insects from predation and essentially doubling both caterpillar densities and accumulated herbivory 
levels on host oak trees. These short-lived but massive emergence events help us to understand 

how resource pulses can rewire interaction webs and disrupt energy flows in ecosystems, with 


potentially long-lasting effects. 


egional biomass pulses, such as the 

spawning of salmon or the masting of 

oak trees, can provide enormous nutri- 

tional subsidies to entire communities 

of predators, producers, and decompos- 
ers that capitalize on these intermittent re- 
sources (1-4). Biomass pulses can also alter 
species interactions, initiating cascades of direct 
and indirect effects (5-7). For example, when 
generalist predators bypass their typical prey 
items in favor of an abundant pulsed resource, 
the organisms experiencing reduced predation 
benefit indirectly—a form of “apparent facili- 
tation” (Fig. 1) (8). Such pulse-induced dietary 
shifts have the potential to disrupt top-down 
trophic cascades, which occur when the for- 
aging activities of predators benefit producers 
through reductions in herbivore densities (9). 
By altering the flow of energy through ecosys- 
tems, biomass pulses of sufficient extent and 
magnitude are thus likely to produce landscape- 
level ecological impacts. 

Insectivorous birds, which are common 
drivers of trophic cascades, are ubiquitous 
predators in most terrestrial ecosystems. 
As adaptive foragers that respond function- 
ally and numerically to abundant resources 
in time and space (JO), birds provide an im- 
portant ecosystem service by suppressing both 
perennial insect herbivore communities and 
outbreaks of herbivorous insect pests (77). The 
resultant reduction in herbivory can allow for 
increased plant biomass, growth, and/or yield 
in both natural and managed ecosystems (12). 
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Researchers have estimated that insectivorous 
birds routinely provide billions of dollars in 
pest-reduction services to agricultural systems 
through top-down control (/7). Given the in- 
herent challenges of studying trophic cascades 
at landscape scales, regional perturbations— 
such as those resulting from the emergences 
of periodical cicadas—provide natural experi- 
ments that allow researchers to explore how 
biomass pulses alter species interactions and 
disrupt the functioning of food webs. 

Periodical cicada (Magicicada spp.) (Fig. 2) 
emergence events in the eastern United States 
are among the largest and most dramatic bio- 
mass pulses found in nature. In the spring of 
an emergence year, billions of cicada nymphs 
synchronously crawl up and out of their 
underground burrows to molt into winged 
adults. Males congregate in trees, chorusing 
loudly to attract females. Once mated, indi- 
vidual females deposit up to 500 eggs in twigs 
and die shortly after. Later in the summer, 
2-mm-long nymphs hatch, drop to the soil, 
and burrow underground, where they will 
develop for the next 13 or 17 years, feeding on 
xylem sap of host tree roots (13). The seven 
described species of Magicicada are distrib- 
uted among 15 geographically distinct broods 
with differing emergence schedules. Each 
brood spans an area of 50,000 to 500,000 km? 
(14), and most contain three to four sympatric 
Magicicada species that share an emergence 
year. Despite centuries of detailed investiga- 
tion into the biology, behavior, and evolution 
of these intriguing insects (13), researchers have 
only recently begun to explore the ecological 
consequences of periodical cicada emergences 
on forest ecosystems. 

We report the results of a community-level 
study in which we examined how a period- 
ical cicada emergence affected avian foraging 
behaviors and documented the consequences 
of these behavioral shifts for local trophic dy- 
namics. We first tested the hypothesis that 
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avian consumers would capitalize on the al Se 
dant, nutritious cicadas, as shown previou., 
after outbreaks of other native and invasive 
insects (10, 15). We further predicted that 
shifts in avian foraging to cicadas would re- 
duce predation pressure on foliage-feeding 
insects, consequently increasing insect her- 
bivore populations and herbivory on their host 
trees. Therefore, in both emergence and non- 
emergence years, we (i) quantified avian pre- 
dation on caterpillars using plasticine models 
(16), (ii) quantified understory insect herbivore 
abundance, and (iii) measured seasonal pat- 
terns of herbivory on understory white oaks 
(Quercus alba) (Fig. 1). 


Cicada emergence causes widespread changes 
in avian foraging 


In addition to our intensive field observations 
of avian foraging during the 2021 Brood X 
emergence, we solicited foraging observations ” 
from volunteer birders throughout the region. 
Altogether, we recorded 983 individual birds 
from 82 different species foraging on cicadas 
throughout the Mid-Atlantic portion of the 
Brood X range. These birds spanned more 
than three orders of magnitude in body mass, , 
ranging from <7 g (blue-gray gnatcatchers) to 
>11,000 g (trumpeter swans), and included all 
major avian feeding guilds (fig. S1 and tables 
S1 to S3) (77). Focal observations revealed that . 
52% of all avian foraging bouts (n = 229) involved 
periodical cicadas. Unexpectedly, the propor- 
tion of foraging bouts that included cicadas 
did not vary among feeding guilds (df = 2, x? = 
3.6, P = 0.31) or with bird size (df = 1, x” = 0.65, 
P = 0.42) (I7”). 

The collective response of the avian com- 
munity to the cicada pulse documented in this 
study extended well beyond that of the subset 
of birds observed to have altered their foraging 
during outbreaks of spruce budworm (JO) or , 
autumnal moths (J8). Several factors likely 
contributed to this community-wide dietary 
shift, beyond the sheer abundance of nutri- 
tious, undefended prey. These factors include 
the availability of cicadas in a wide array of 
avian foraging niches, ranging from bare 
ground to canopy foliage, and the temporal 
overlap between the emergence event and the 
energetically demanding breeding season (19). 

Because adult periodical cicadas are rela- 
tively large insects (3 to 4.cm in length), we had 
hypothesized that their consumption might 
be limited by avian gape width (20) or bird size 
more generally, as has been reported previ- 
ously (21, 22). However, we observed varied 
prey-processing behaviors that allowed birds 
of all sizes to feed successfully on cicadas (77). 
The similar likelihood of cicada consumption 
by birds across feeding guilds illustrates the 
birds’ ability to respond to pulses through op- 
portunistic diet shifts, regardless of normal 
dietary preferences. 
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Cicada emergence reduces avian predation on 
forest caterpillars 

As anticipated, heavy consumption of cicadas 
by a diverse assemblage of birds at our field 


Nonemergence Year 


site resulted in a measurable decline in bird 
predation on oak-feeding caterpillars, which 
in a typical year are consumed in large num- 
bers by insectivorous birds (23). Relative to 


Emergence Year 


Fig. 1. Predicted impacts of cicada emergence on trophic dynamics. Heuristic food web models 
illustrating how multitrophic interactions are hypothesized to change from (Left) nonemergence years to 
(Right) cicada emergence years. Solid arrows indicate direction of energy flow through direct trophic effects, 
dashed arrows indicate positive indirect effects, and line thickness indicates relative effect magnitudes. In 
nonemergence years, bird consumption of caterpillars initiates a top-down trophic cascade that results in a 
strong positive indirect effect on oaks. In emergence years, we predicted that bird consumption of abundant 
cicadas would reduce bird consumption of caterpillars, weakening the positive indirect effect of birds on oaks, but 
yielding a strong positive indirect effect of cicadas on caterpillars through apparent facilitation. 


Fig. 2. Life cycle of peri- 
odical Magicicada spp. 
Three species of Brood X 
periodical cicadas (Magicicada 
septendecim, M. cassini, and 
M. septendecula) emerged 
by the billions across 

15 US states in May and 
June of 2021 to begin the 
brief above-ground phase 

of their 17-year life cycle. 
(A) Nymphs emerge from 
underground burrows, after 
spending 17 years feeding on 
the xylem fluids of tree roots. 
(B) Massive numbers of 
insects emerge over a short 
period of time, in densities 
reported to be as high 

as >300/m*. (C) Shrimp-like 
nymphs soon molt into 
winged adults. (D) Cuticles 


the flanking nonemergence years, the weekly 
frequency of bird strikes on plasticine cater- 
pillars (Fig. 3A) dipped dramatically during 
the 2021 season [generalized linear mixed 
model (GLMM), df = 24, y” = 102, P < 0.001]. 
Specifically, in May, when the cicada nymphs 
began emerging, bird strike frequency de- 
clined from ~30% to below 10%, remaining 
low until early July (Fig. 3B), after which we 
ceased to hear adult males calling at our study 
site. By early August, bird strike frequencies had 
returned to preemergence levels. By contrast, 
in nonemergence years, the weekly mean fre- 
quency of avian predation never dropped below 
~25% (Fig. 3B), despite some expected seasonal 
variation. In 2021, we concurrently monitored 
a second study site and recorded equally re- 
duced levels of bird strikes during the emer- 
gence (estimated marginal means, z = -0.978, 
P = 0.33). Both the within- and between-year 


patterns of predation pressure indicate a strong * 


avian response to cicada presence. 

To assess the consequences of the cicada 
emergence for real insect herbivores, we con- 
ducted nondestructive, whole-tree censuses 
of externally feeding foliage feeders, consist- 
ing primarily of caterpillars (n = 26 species) 
and sawflies (7 = 6 species) (table S4) (77), on a 
cohort of understory white oak trees in early 
May (timed to precede the cicada pulse in 2021) 
and late June of 2021, 2022, and 2023. These 
trees hosted similar herbivore abundances in 
early May of 2021 and 2022, but had reduced 
numbers in 2023 [generalized linear model 
(GLM), x” = 50.14, df = 2, P < 0.0001)] (Fig. 4A). 


of the soft, light-colored teneral-phase adults harden and darken over the course of 2 to 3 days. (E) More than 80 species of birds, including this common grackle (Quiscalus 
quiscula), were observed consuming cicada nymphs or adults. (F) After mating, females deposit multiple batches of approximately 30 eggs into nests slit into slender 

woody branches, with each female laying a total of up to 500 eggs. (G) Females often lay several egg nests in a row. (H) Eggs develop in the nests for about 6 weeks. (I) In mid- 
summer, tiny hatchlings drop from the branches and burrow into the soil, where they locate and begin to feed from a root and will remain for the next 17 years. [Photo credits: 
(A), (C), (D), (F), (G), and (I), M. Weiss; (B), M. Raupp; (E), D. Gruner; (H), E. K. Lederer]. 
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Fig. 3. Weekly measures of avian predation pressure (2020 to 2022). (A) Plasticine models (5 cm long) 
mimicking naturally occurring forest caterpillars were deployed on understory white oak trees and 

replaced weekly. (B) Plot of the average (+1 SEM) proportion of plasticine models with bird strikes recorded 
throughout the spring and summer of the emergence (2021) and flanking nonemergence (2020 and 

2022) years. Symbols for the 2021 data indicate the presence of nymph and adult cicadas. 


Notably, during the late June census of the emer- 
gence year, the abundance of externally feeding 
insect herbivores was essentially double that of 
each of the two subsequent nonemergence years 
(GLM y? = 142.59, df = 2, P < 0.0001) (Fig. 4A). 
For Acronicta increta, one of the most common 
caterpillar species at our site (Fig. 4B), the sig- 
nificant spike in abundance in the emergence 
year (GLM y” = 94.83, df = 2, P < 0.0001) 
(Fig. 4C) was accompanied by a marked shift 
in larval demography: By recording the size of 
each individual A. increta caterpillar present on 
the trees (2 = 421 total, across the 3 years) as 
“small” (first or second larval instars) or “large” 
(third to fifth larval instars), we were able to 
document a fourfold to 50-fold increase in 
the proportion of large caterpillars present in 
the emergence year (52% in 2021) relative to the 
subsequent two nonemergence years (13% in 
2022 and <1% in 2023) (y” = 101.7, df = 2, P< 
0.0001) (Fig. 4B). This demographic shift sug- 
gests that the normally high predation pres- 
sure experienced by larger, more conspicuous 
A. increta caterpillars was temporarily relaxed 
during the 2021 cicada emergence. 

Taken together, these findings support the 
hypothesis that a community-wide avian diet 
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shift was responsible for the dramatic release 
in predation we observed in the understory 
throughout the emergence. The pronounced 
dip in bird strikes on plasticine models during 
the emergence and the subsequent return to 
baseline levels was observed at two different 
Maryland sites separated by ~100 km, suggest- 
ing that this foraging shift was widespread. 
Because adult cicadas congregate along forest 
edges (24), it is likely that birds shift their 
foraging locations to track cicada population 
densities. Although tracking an entire bird com- 
munity was beyond the scope of this project, a 
previous study documented that red-winged 
blackbirds (Ageleius phoeniceus) adaptively 
switched from feeding on aquatic insects in 
open marshes to foraging for periodical cica- 
das in forest edges (25). A similar locational 
shift may have contributed to the increase in 
understory herbivore abundance reported here. 


Cicada emergence indirectly increases 
oak herbivory 


At the producer level, understory white oak 
trees experienced a spike in cumulative leaf 
damage in midsummer 2021 [analysis of var- 
iance (ANOVA), with Tukey's post-hoc com- 
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parisions: Fy 7 = 12.3, P < 0.001] relative to 
both the preemergence (¢ = -4.66, df = 87, P< 
0.0001) and postemergence years (t¢ = 3.789, 
df = 87, P < 0.0001), which did not differ from 
one another (¢ = -0.88, df = 87, P = 0.66) (Fig. 
5). This increase in herbivory coincided with 
the observed peak in caterpillar density re- 
corded during the emergence period, indicat- 
ing that the community-wide shift in avian 
foraging cascaded down to affect plant dam- 
age (Fig. 1). 

Although increased herbivory on understory 
white oaks has been documented previously 
when birds were excluded from individual trees 
(23) or small stands (26), we provide the first 
empirical evidence that the protective func- 
tion of an entire community of insectivorous 
birds can be disrupted by a synchronous re- 
source pulse. Because we studied prerepro- 
ductive white oak trees, we could not assess 
the fitness effects of herbivory in this study, 
but prior research on mature white oak trees 
has demonstrated that comparable levels of 
damage reduce acorn production (26-28). 


Ecological significance 


The enormous biomass pulse created by the 
2021 Brood X emergence shifted consumption 
by mobile generalists (birds) to superabun- 
dant prey resources (cicadas), releasing insect 
herbivore populations from predation and dou- 
bling herbivory on oak trees. This event con- 
stitutes a clear example of apparent facilitation 
(8), in which the brief appearance of a single 
brood of Magicicada spp. provides a month- 
long predation respite for a diverse community 
of leaf-chewing insects across a broad geograph- 
ical region (for example, up to 500,000 km? for 
Brood X) (29). Our empirical findings support 
the view (30) that insect herbivore commun- 
ities are more often structured by indirect 
interactions [such as apparent competition, 
mutualism, or facilitation (37, 32)] than by 
direct competition, and our findings add to 
the accumulating body of research stressing 
the importance of considering positive inter- 
actions in community ecology (33, 34). 

Our study demonstrates that periodical 
cicada emergences can “rewire” forest food 
webs (35, 36), altering interaction strengths 
and pathways of energy flow that affect multi- 
ple trophic levels. Adaptive foraging, in which 
mobile consumers converge on elevated re- 
sources, is widely observed in response to re- 
source pulses (37, 38). By focusing consumption 
on hyperabundant resources while releasing 
less-common resources, adaptive foraging can 
promote complexity in food webs, stabilize their 
dynamics, and alter the strength of indirect 
effects such as trophic cascades (39, 40). 

Although previous studies have documented 
strong ecological impacts that result from the 
direct consumption of pulsed resources (21, 41), 
our results highlight the need to consider the 
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Fig. 4. Abundance of oak herbivores (2021 to 2023). (A) Model-estimated marginal mean abundances 
(+1 SEM) of externally feeding insect herbivores recorded on understory white oaks. Trees were censused in 
May (just before adult periodical cicada emergence) and June (toward the end of the emergence) during 
the emergence year (2021) and two subsequent nonemergence years (2022 and 2023). (B) Small (first 
instar) and large (fifth instar) A. increta caterpillars differ dramatically in apparency. Pie graphs depict the 
proportion of A. increta caterpillars categorized as small (first or second larval instars) or large (third to 
fifth larval instars). Large A. increta caterpillars were 4 to >50 times more abundant during the emergence 
year (52%) than in the nonemergence years (13 and <1%, respectively). (C) Model-estimated marginal 
mean abundances (+1 SEM) of the most common externally feeding caterpillar species (A. increta) on the 
same trees in emergence and nonemergence years. For (A) and (C), raw data are overplotted and jittered; 
one high outlier was removed for clarity. Means with the same letter are not significantly different according 


to Tukey-adjusted post-hoc comparisons of marginal 


additional effects stemming from the organ- 
isms that escape predation during pulses. As a 
classic example of the former, regional oak 
masting events in North American forests can 
increase populations of acorn-consuming small 
mammals that serve as the primary reservoirs 
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means within a grouping. 


of the spirochaete Borrelia burgdorferi and 
as larval hosts of black-legged ticks, leading 
to increased risk of Lyme disease for humans 
(42). However, if the consumption of seeds of 
co-occurring trees (such as beeches and hick- 
ories) decreases when oaks are masting, seed- 
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ling recruitment may increase for those species, 
potentially affecting forest structure. Broadly, 
whenever pulsed resources satiate generalist 
predators, we predict that community-wide 
trophic disruptions will likely follow, and ecol- 
ogists should examine the trophic impacts 
that result both from what is consumed (the 
pulsed resource) and what is not consumed 
(the typical prey) during these pulse events. 

Although periodical cicada emergences are 
short-lived phenomena, lasting for only 5 to 
6 weeks, they can initiate a cascade of eco- 
logical impacts that propagate up and down 
the food chain. By providing abundant living 
prey to predators, carcasses to scavengers and 
decomposers, and an infusion of nutrients into 
both terrestrial (2) and aquatic (43) ecosystems, 
these brief yet intense events initiate a wide 
range of responses that can last from days to 
years and can occur immediately or with a 


considerable time lag. For instance, analy- ” 


ses of long-term data collected by the North 
American Breeding Bird Survey revealed that 
populations of some species were abundant 
only during emergence years and subsequent- 
ly declined (for example, black- and yellow- 
billed cuckoos), whereas others were scarce 
during emergence years but increased substan- 
tially the following year, and then stabilized 
(for example, tufted titmice and gray catbirds) 
(21). Migratory birds exhibiting cicada-mediated 
numerical responses can potentially extend the 
cicadas’ legacy across continents when they 
travel to distant overwintering sites, affecting 
recipient communities through “cross-boundary 
subsidy cascades” (7, 44). 

At the producer level, the nutrient addi- 
tion from decomposing cicadas can alter foliar 
nitrogen content, nutrient use efficiency, plant 
biomass, and patterns of herbivory in her- 
baceous plants (6, 45), indicating complex 
bottom-up plant response to these pulses. 
Dendrochronological analyses have dem- 
onstrated that radial growth in oak trees is 
predictably suppressed in cicada emergence 
years (46), potentially because of the exten- 
sive twig damage that occurs during ovipo- 
sition (21, 47). Recent research has shown that 
periodical cicada emergences also set the tim- 
ing of oak masting events, linking two of the 
largest and most pervasive resource pulses in 
eastern temperate forests and greatly extend- 
ing the temporal, taxonomic, and trophic reach 
of these emergence events (47). In addition, 
cicada emergences also leave long-lasting im- 
prints on the physical environment; the bil- 
lions of persistent underground burrows and 
emergence tunnels constructed by cicada nymphs 
dramatically increase soil aeration and water 
infiltration (48), a type of physical ecosystem 
engineering (49) that is likely to affect plants 
and other soil-dwelling organisms. 

In any given spring, an emergence of one or 
more of the 15 extant broods of Magicicada 


4 of 5 


RESEARCH | RESEARCH ARTICLE 


20 


15 


Median Accumulated Herbivory (%) 


2020 


® 


2021 2022 


® 


Fig. 5. Herbivory on understory oaks (2020 to 


2022). Mean (+1 SEM) accumulated herbivory on white 


oak trees during the summer months of each of 
3 years (after the spring pulse of herbivory, which 


occurs before the cicada emergence). Accumulated 
herbivory was measured as the difference in median 


herbivory calculated from samples of 30 leaves 
per tree in late May and mid-October of each year, 
allowing us to capture the herbivory during the 
cicada emergence time period in both emergence 
and nonemergence years. Raw data are jittered, 
with each point indicating accumulated herbivory 
measured on an individual tree. Means with the 


to Tukey-adjusted post-hoc comparisons of 
marginal means. 


spp. is imminent, in progress, or has recently 
taken place somewhere in the eastern decid- 
uous forest biome of North America (50). Our 
study suggests that these insects leave a legacy 
of ecological impacts at the landscape scale, 
altering the dynamics of the populations, com- 
munities, and ecosystems within which they 


are embedded. 
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Taming secondary benzylic cations in catalytic 


asymmetric S$y1 reactions 
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Benzylic stereogenic centers are ubiquitous in natural products and pharmaceuticals. A potentially general, 
though challenging, approach toward their selective creation would be asymmetric unimolecular nucleophilic 
substitution (Sy1) reactions that proceed through highly reactive benzylic cations. We now report a broadly 
applicable solution to this problem by identifying chiral counteranions that pair with secondary benzylic cations 

to engage in catalytic asymmetric C-C, C-O, and C-N bond-forming reactions with excellent enantioselectivity. 
The critical cationic intermediate can be accessed from different precursors via Lewis- or Bronsted acid 
catalysis. Key to our strategy is the use of only weakly basic, confined counteranions that are posited to prolong the 
lifetime of the carbocation, thereby avoiding nonproductive deprotonation pathways to the corresponding styrene. 


enzylic stereocenters are omnipresent 
substructures of a vast number of nat- 
ural products and drugs (/). For the 
asymmetric construction of the crucial 
benzylic C-C or C-heteroatom bond, a 
plethora of methods has been described. Ap- 
proaches that use chiral auxiliaries, metal cat- 
alysts, organocatalysts, and enzymes, among 
others, are known (2-5). However, despite its 
potential as a general approach to benzylic 
stereocenters, the catalytic enantioselective re- 
action of a nucleophile with a benzylic cation 
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remains underdeveloped. During the past decade, 
early attempts toward this strategy have been 
reported but typically involved oxygenated ar- 
enes, which stabilize the corresponding benzylic 
cation as an ortho- or para-quinone methide, 
thus limiting the scope of these methods (6-12). 

Recently, the Jacobsen group reported an 
allylation of tertiary benzylic cations for the 
construction of quaternary stereogenic centers 
using anion-binding, hydrogen bond-donor 
catalysis (Fig. 1A) (13). Subsequently, the Sun 
group explored tertiary benzylic cations as 
intermediates in asymmetric catalysis (14). 
The asymmetric catalysis of reactions that pro- 
ceed through unstabilized secondary benzylic 
cations has previously been reported by the 
Braun and Toste groups, albeit each with only 
a single example (Fig. 1A) (15, 16). We hypoth- 
esized that engaging unbiased secondary ben- 


® 
Ph~ 


Toste (16) 
(single example, 57.5:42.5 er) 


Asymmetric Sy1 
platform 


range of nucleophiles could provide a ger.--— 
solution to the problem of constructing ben- 
zylic stereocenters (Fig. 1B). 

Over the past several years, highly acidic and 
enzyme-like confined imidodiphosphorimidates 
(IDPi) catalysts have emerged as a powerful mo- 
tif to control enantioselectivity in the reactions 
of high-energy, cationic intermediates such as 
tertiary benzylic carbocations, vinyl carbocations, 
and the nonclassical 2-norbornyl cation (17-20). 
Initially, we expected three fundamental chal- 
lenges toward applying our design to unstabilized 
secondary benzylic cations: (i) the differentiation 
between two faces of an only hydrocarbon-based 
planar cationic intermediate, (ii) the exclusion of 
unproductive reaction pathways such as de- 
protonation or rearrangement, and (iii) poten- 
tial catalyst deactivation by alkylation from 
the benzylic cation. Given the high local electro- 
philicity and hydride ion affinities of benzylic * 
cations, we postulated that essential cation 
stabilization could be achieved using a less 
basic, weakly coordinating anion, which, at 
the same time, can also provide a chiral micro- 
environment for further nucleophilic attack to 
achieve high enantiocontrol (27-23). In this , 
work, we report the design and development 
of an IDPi-catalyzed Sy]1 platform that enables 
the conversion of racemic sp” starting materials 
into valuable enantioenriched benzylic stereo- . 
center-containing products in a dynamic kinetic 
asymmetric transformation. 


Reaction development 


First, we explored C-O bond-forming reactions 
between rac-1-phenylethyl 2,2,2-trichloroaceti- 
midate (1a) as the cation precursor and acetic 


Jacobsen (13) 


(14 examples) 
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Fig. 1. Subjecting benzylic cations to asymmetric catalysis. (A) Dynamic kinetic asymmetric transformations via benzylic cations. (B) This work: Confined counteranions 
tame secondary benzylic cations for asymmetric catalysis. Ac, acetyl; Me, methyl; Nu, nucleophile; Ph, phenyl; TMS, trimethylsilyl; X* enantiopure counteranion. 


Singh et al., Science 382, 325-329 (2023) 


20 October 2023 


lof5s 


RESEARCH | RESEARCH ARTICLE 


acid as the nucleophile in the presence of dif- 
ferent IDPi catalysts. In our initial attempts, we 
found that an IDPi catalyst (S2h) could catalyze 
this reaction, giving the desired product 3a in 
86% yield with a 61:39 enantiomeric ratio (er), 
so further optimizations were carried out (see 
supplementary materials for details). Eventu- 
ally, IDPi 2a was identified as the optimal cat- 
alyst, delivering product 3a in 73% yield and 
with a 95:5 er (Fig. 2A). With the optimal con- 
ditions (IDPi 2a, temperature T = -90°C, time 
t = 5 days) established, we turned our attention 
toward exploring the scope for this transfor- 
mation. Substrates (Ib to 1d) with meta or para 
substituents performed well and furnished 
the products with high enantioselectivities and 
modest to good yields. When propionic acid 
was used as the nucleophile, fluorenyl substi- 
tuted IDPi catalyst 2b demonstrated superior 
performance. Propionate products 3e to 3h 
were obtained in good yields and with high 
enantioselectivities. 

These results are consistent with a facile 
ionization of trichloroacetimidate la, even at 
low temperature, delivering the highly reactive 
benzylic carbocation along with trichloro- 
acetamide. We wondered whether the in situ- 
generated trichloroacetamide could itself act 
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as an N-nucleophile in the absence of an ex- 
ternal O-nucleophile. Such a reaction might 
serve as an attractive approach to the enantio- 
selective formation of benzylic C-N bonds 
from benzylic alcohols (24-28). However, tri- 
chloroacetamide is only poorly soluble in diethyl 
ether at low temperature, and an undesired 
deprotonation to styrene could be problematic. 
Indeed, upon testing various IDPi catalysts, 
the desired rearrangement product 4a was 
obtained with moderate to good enantioselec- 
tivities but in only poor yield with substantial 
amounts of styrene as a side product (see sup- 
plementary materials for details). We reasoned 
that the undesired deprotonation pathway could 
be minimized by using even less-basic IDPi 
counteranions, which would require more- 
acidic IDPi catalysts. As shown in our previous 
work, electron-withdrawing groups on the 1,1’- 
bi-2-naphthol (BINOL) backbone enhance the 
acidity of IDPi catalysts (29). Therefore, we at- 
tempted to diminish the deprotonation path- 
way by modulating the electronic properties 
of the catalyst. Gratifyingly, F,-substitution of 
one BINOL skeleton led to catalyst 2e, which 
provided the desired product 4a in 75% yield 
and with an excellent 95:5 er (Fig. 2B). More- 
over, substrates Ib to 1e, which bear alkyl groups 
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Carew, 
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and halogen atoms at the meta or para posi- 
tions, provided the corresponding products 
with good to excellent enantioselectivities and 
moderate to good yields using catalyst 2d. 


Extension to carbon nucleophiles 


After the successful implementation of these 
Bronsted acid-catalyzed asymmetric C-O and 
C-N bond-forming Sy] reactions, we were keen 
on exploring the exciting potential to create C-C 
bonds by a similar pathway. We envisioned the 
previously unknown reactions of secondary ben- 
zylic alcohol derivatives with silyl ketene acetals 
or electron-rich arenes toward the formation 
of B-branched esters or 1,1-diaryl ethanes, re- 
spectively, as particularly attractive targets. 
A somewhat related copper-catalyzed enantio- 
selective substitution of benzylic propargylic 
acetates using indoles has been described (30). 
However, with silyl ketene acetal, only 10% yield 
and no enantioinduction was obtained. Simi- 
larly, our initial attempts at reacting trichloro- 
acetimidate la with silyl ketene acetals (SKAs) 
using IDPi catalysts did not lead to the de- 
sired C—-C bond-forming product, and only the 
substrate 1a was recovered. We speculate that 
imidate 1a engages in a deprotosilylation (37), 
the product of which, however, is unreactive 


eee 


R = Hdf (2a) R = Hf (2b) 
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A ee Et 
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Fig. 2. Substrate scope of the Bronsted acid—catalyzed C-O and C-N bond-forming reactions. (A) C—O bond-forming reaction. (B) C-N bond-forming reaction. 
See supplementary materials for details. "Bu, n-butyl: Et, ethyl; Et20, diethyl ether; Hdf, -SO2CgF17; Nf, -SO2C4Fo; "Pr, n-propyl: Tf, SO2CF3. 
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toward ionization to the reactive benzylic 
carbocation. We had previously shown that 
heteroatom-stabilized cations (oxocarbenium 
ions and iminium ions) could be generated 
under (oxophilic) silylium Lewis acid catalysis 
conditions when acetate was used as leaving 
group (32). We therefore investigated racemic 
1-phenylethyl acetate (5a) as substrate toward 
a silylium Lewis acid-catalyzed cation formation. 
Indeed when acetate 5a was treated with {[l- 
(benzyloxy)vinyl Joxy}(tert-butyl)dimethylsilane 
(8a) in the presence of IDPi catalysts, the de- 
sired product 6a was obtained in good yields 
and with moderate to good enantioselectivities 
(see supplementary materials for details). Upon 
optimization, we found that IDPi catalyst Ze 
provided product 6a with a 92.5:7.5 er and in 
85% yield (Fig. 3A). Other substrates with 
alkyl substituents at the para position, linear 
or branched, and with different chain lengths 
delivered products 6b to 6f in 84 to 91% 
yields with high enantioselectivities using 
fluorenyl-substituted IDPi catalyst 2f Substrate 
5g, which has meta, para disubstitution, fur- 
nished product 6g in 92% yield with 95:5 er. 
Furthermore, product 6h was obtained with 
modest enantioselectivity using catalyst 2e, 
where a methoxy group in place of acetate was 


A Alpha-alkylation: 


used as the leaving group for substrate 5h be- 
cause the corresponding acetate substrate was 
found to be unstable for isolation. The micro- 
environment of the binding site in the IDPi 
catalyst allows C—C bond formation to proceed 
by selective addition of a single SKA nucleophile. 
Presumably, the steric differentiation between 
substrate and product prevents the product from 
participating further in a Mukaiyama-Claisen- 
type condensation reaction. 


Asymmetric Friedel-Crafts alkylations 


With the successful establishment of a silylium 
Lewis acid-catalyzed C-C-bond-forming o- 
alkylation reaction, we were keen to expand 
the asymmetric transformation of secondary 
benzylic cations with other C-nucleophiles. The 
Friedel-Crafts alkylation as a classic and broadly 
applicable transformation that proceeds via 
carbocations became a natural target. Previous- 
ly, asymmetric catalytic Friedel-Crafts alkyl- 
ations that involve benzylic cations had not 
been reported. Compared with carboxylic acids 
and SKAs, electron-rich arenes are much weaker 
nucleophiles (33, 34). We therefore envisioned 
controlling and stabilizing the benzylic cation 
in this electrophilic aromatic substitution re- 
action a rather challenging task. Gratifying- 


ly, under silylium Lewis acid conditions, the 
Friedel-Crafts alkylation of racemic acetate sub- 
strate 5a with anisole gave product 7a in 60% 
yield with a 96:4 er and >50:1 regioisomeric 
ratio (1r) using IDPi catalyst 2g (Fig. 3B). Dif- 
ferent anisoles were evaluated under these con- 
ditions with the same catalyst. When anisoles 
with ortho and meta substituents were applied 
in this transformation, products '7b and 7¢ were 
obtained with excellent enantioselectivities, 
regioselectivity, and modest yields. Notably, a 
silylated phenol was found to be a suitable nu- 
cleophile for this transformation and delivered 
the trimethylsilylated product 7d in good yield 
with high enantioselectivity. Furthermore, this 
conversion also proceeded under purely Bronsted 
acid catalytic conditions using substrate la 
and the same IDPi catalyst 2g to furnish the 
same product with consistent enantioselec- 
tivity, in line with the formation of a benzylic 


mentary materials for details). 


Mechanistic considerations 


Experimental and computational studies were 
carried out to challenge our benzylic cation Syl 
hypothesis (Fig. 4A). At first, substrate rac-la 
and each of the enantiopure starting materials, 
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Fig. 3. Substrate scope of the silylium Lewis acid-catalyzed C-C bond-forming reactions. (A) SKA o-alkylation reaction. (B) Friedel-Crafts reaction. 
See supplementary materials for details. Bn, benzyl; BSTFA, N,O-bis(trimethylsilyl)trifluoroacetamide; OMe, methoxy; OTMS, trimethylsilyloxy; OTBS, 
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(S)-la or (R)-la, were individually subjected to 
the optimized reaction conditions. Consistent 
with ion-pair formation followed by nucleo- 
philic attack on the benzylic cation in a SyI-like 
mechanism, we found that all three reactions 
delivered the same major enantiomer of product 
8a with essentially identical yield [85, 86, and 
85% by nuclear magnetic resonance (NMR)] 
and enantioselectivity (95:5, 95:5, and 94.5:5.5 er) 
(Fig. 4B). Interestingly, when the progress of 
the C-O bond-forming reaction was monitored 
by 'H NMR at -60°C for each substrate sep- 
arately [rac-1a, enantiopure (S)-la, and (R)-1a], 
both enantiomers were found to react with sim- 
ilar rates, showing very little to no kinetic resolu- 


tion (Fig. 4C). Attempts to characterize either 
an ion pair or a covalent adduct in the reaction 
of substrate 1a with IDPi 2a were unsuccessful, 
exclusively delivering product 4a and styrene 
under the reaction conditions. To gain further 
insight into the cationic intermediates and their 
lifetimes, we investigated a series of biased sub- 
strates featuring different substitution patterns, 
which were ionized with bis(trifluorometh- 
anesulfonyl)amide (HNTf,) as a strong achiral 
acid. In most cases, the ion pair was either not 
detectable or rapidly underwent decomposition 
during the measurement (see supplementary 
materials for details). We anticipated that the 
ion pair that resulted from the reaction of 


1-(2,4,6-trimethoxyphenyl)ethan-1-ol (5i) and 
HNTf, would have a sufficiently long lifetime 
for its characterization. Indeed, when alcohol 
5i was treated with HNTf, (3 equiv) in CD.Cl, 
at -60°C in an NMR tube, the formation of the 
ion pair was observed and could be charac- 
terized by NMR spectroscopy (‘H, °C, and 2D 
NMR experiments) (Fig. 4, D and E). A gradual 
increase of the temperature from -60° to -20°C 
was performed, and the resulting mixture was 
monitored by NMR spectroscopy. Ion pair 9 was 
found to be stable in that range and to only 
begin decomposing at higher temperature. The 
same ion pair 9 could also be generated under 
silylium Lewis acid conditions, and a similar 
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Fig. 4. Mechanistic studies, characterization of the ion pair, and origin (E) 8C NMR spectrum of the ion pair (9). (F) Comparison of heteronuclear 
of enantioselectivity. (A) Proposed reaction pathway. (B) Enantioselectivity single quantum coherence (HSQC) spectrum for bistriflimide and IDPi (S2h) 
and NMR yield comparison of rac-la with enantiopure la substrate. (C) Reactivity anions. (G) DFT-optimized ion-pair structure. (H) Electrostatic potential 


measurements of rac-la and enantiopure la. The reaction was monitored 
by 7H NMR at -60°C. (D) 7H NMR spectrum of an ion pair (9) consisting of 
1-(2,4,6-trimethoxyphenyl)ethan-1-ylium cation and bistriflimide anion. 
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behavior was observed in this case (see sup- 
plementary materials for details). Important- 
ly, the oxygenated benzylic cation could also 
be observed with catalyst S2h in NMR experi- 
ments. Decomposition of this ion-pair species 10 
was observed at —60°C, presumably because of 
the relatively higher basicity of the IDPi coun- 
teranion compared with that of the NTf, anion. 
A shift in the ‘H and °C NMR [benzylic proton 
from 8.7 to 8.5 parts per million (ppm) and 
benzylic carbon from 173.8 to 172.8 ppm] was 
observed (Fig. 4F), clearly indicating different 
counteranions in close proximity to the cation. 
In addition, density functional theory (DFT) 
was used to optimize the ion pair. A large num- 
ber of conformers was initially generated at 
various levels of GFNn-FF/XTB theory, and the 
low-energy structures were refined using DFT 
(see supplementary materials for details). Anal- 
ysis of the electrostatic potential surfaces re- 
vealed that the ion-pair structure is held together 
by directional electrostatic interactions between 
the IDPi anion and the benzylic carbocation 
(Fig. 4, G to I). The computed association free 
energy between the IDPi anion and benzylic 
carbocation (AG) is negative (—22.08 kcal/mol), 
indicating that the formation of the ion pair 
is thermodynamically favored. The decomposi- 
tion of the electronic interaction energy between 
the anion and the cation (AF jn, = —43.21 kcal/mol) 
into dispersive (AEgisp) and steric and electro- 
static components (AE ster/elec) Shows that disper- 
sion plays a crucial role in favoring the formation 
of the chiral ion pair, contributing 27.33 kcal/mol 
to the AE;,,. The negative interaction is at least 
partially counterbalanced by (i) the energy pe- 
nalty required to distort the catalyst to maxi- 
mize the electrostatic interaction with the cation 
and (ii) entropy and temperature effects. Most 
notably, the cation resides between the 3-biphenyl 
substituents of the BINOL skeleton (3.56 and 
3.19 A, respectively) that aid in stabilizing the 
reactive intermediate by virtue of cation-n inter- 
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actions. Additionally, the benzylic CH group 
clearly interacts with a sulfonyl oxygen atom 
(2.21 A), and the phenyl 3-CH interacts with an 
inner-core nitrogen atom (2.31 A; for a full dis- 
play of interactions, see fig. S6). It is plausible 
to assume that all of these interactions can be 
expected to play a vital role in the stabilization 
of the respective transition states leading to the 
major enantiomer. Given the importance of 
carbocations in chemical synthesis, our results 
may have broader implications for a plethora 
of other fundamental organic transformations. 
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Neural inference at the frontier of energy, space, and time 


Dharmendra S. Modha*, Filipp Akopyany, Alexander Andreopoulos}, Rathinakumar Appuswamy, 

John V. Arthur}, Andrew S. Cassidyy, Pallab Dattay, Michael V. DeBoley, Steven K. Esser}, 

Carlos Ortega Otero{, Jun Sawadat, Brian Tabat, Arnon Amir, Deepika Bablani, Peter J. Carlson, 

Myron D. Flickner, Rajamohan Gandhasri, Guillaume J. Garreau, Megumi Ito, Jennifer L. Klamo, 

Jeffrey A. Kusnitz, Nathaniel J. McClatchey, Jeffrey L. McKinstry, Yutaka Nakamura, Tapan K. Nayak, 

William P. Risk, Kai Schleupen, Ben Shaw, Jay Sivagnaname, Daniel F. Smith, Ignacio Terrizzano, Takanori Ueda 


Computing, since its inception, has been processor-centric, with memory separated from compute. Inspired by 
the organic brain and optimized for inorganic silicon, NorthPole is a neural inference architecture that blurs this 
boundary by eliminating off-chip memory, intertwining compute with memory on-chip, and appearing externally as 
an active memory chip. NorthPole is a low-precision, massively parallel, densely interconnected, energy-efficient, 
and spatial computing architecture with a co-optimized, high-utilization programming model. On the ResNet50 
benchmark image classification network, relative to a graphics processing unit (GPU) that uses a comparable 
12-nanometer technology process, NorthPole achieves a 25 times higher energy metric of frames per 

second (FPS) per watt, a 5 times higher space metric of FPS per transistor, and a 22 times lower time metric of 
latency. Similar results are reported for the Yolo-v4 detection network. NorthPole outperforms all prevalent 
architectures, even those that use more-advanced technology processes. 


n the design of the first programmable 

computer, EDVAC (7), compute and mem- 

ory used heterogeneous technologies (vac- 

uum tubes versus ultrasonic serial delays) 

that had disparate relative speeds and 
costs, leading to the separation of compute 
from memory by necessity and, eventually, to 
ahierarchy of memories. These fundamental 
constructs still pervade modern computing 
where energy and bandwidth for off-chip mem- 
ory dominate (2-4), creating a “data move- 
ment crisis” (5) and forming a physical and an 
“fntellectual” programming model (6) bottle- 
neck. Three factors necessitate revisiting these 
constructs for neural inference. First, inspired 
by the brain (7), neural inference (8, 9) has 
emerged as a powerful application that can 
be implemented with a far simpler set of con- 
structs. Second, silicon technology is continu- 
ing to progress such that, within a decade, 
2 billion transistors may fit in 1 mm? (10). In 
the meantime, logic and memory have long 
been implemented homogeneously within the 
same substrate (11, 12), although at a lower 
density and higher cost than off-chip memory. 
Third, it is now critical to prevent artificial in- 
telligence (AI) from becoming “economically, 
technically, and environmentally unsustainable” 
through “dramatically more computationally- 
efficient methods” (13). 


Axiomatic design 


NorthPole, an architecture and a program- 
ming model for neural inference, reimagines 
(Fig. 1) the interaction between compute and 
memory by embodying 10 interrelated, syner- 
gistic axioms that build on brain-inspired com- 
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puting (14, 15). Within the broad domain of 
neural inference, NorthPole co-optimizes ar- 
chitecture, algorithms, and software and en- 
ables a simple input-output model (/6). 

To set terminology, a neural network is typ- 
ically a graph of layers, where each layer trans- 
forms an input frame of neural activations (for 
example, an image) into an output frame of 
neural activations (for example, a class label). 
Typically, for each neuron, this involves multi- 
plications of its input neuron activations with 
learned synaptic layer weights followed by 
linear accumulation, mathematical transforms, 
and possibly a nonlinear activation function. 
The synaptic multiplications are inherently pa- 
rallel for every neuron, and all neurons within 
a layer operate in parallel. 

Axiom 1: Turning to architecture, NorthPole 
is specialized for neural inference. For example, 
it has no data-dependent conditional branch- 
ing, and it does not support training or scien- 
tific computation. 

Axiom 2: Inspired by biological precision (17), 
NorthPole is optimized for 8-, 4-, and 2-bit 
low-precision (5). This is sufficient to achieve 
state-of-the-art inference accuracy on many 
neural networks while dispensing with the 
high-precision required for training. 

Axiom 3: NorthPole has a distributed, modular 
core array (16-by-16), with each core capable of 
massive parallelism (8192 2-bit operations per 
cycle) (Fig. 2F). Cortex-like modularity (78) 
of the tiled core array enables homogeneous 
scalability in two dimensions and, perhaps, 
even in three dimensions (19) and is also amen- 
able to heterogeneous chiplet integration. 

Axiom 4: NorthPole distributes memory among 
cores (Figs. 1B and 2F) and, within a core, not 
only places memories near compute (2) but 
also intertwines critical compute with mem- 
ory (Fig. 2, A and B). The nearness of memory 
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locality for energy efficiency. NorthPole c.— 
cates a large area to on-chip memory that is 
neither centralized nor organized in a tradi- 
tional memory hierarchy. 

Axiom 5: NorthPole uses two dense networks- 
on-chip (NoCs) (20) to interconnect the cores, 
unifying and integrating the distributed com- 
putation and memory (Fig. 2, C and D) that 
would otherwise be fragmented. These NoCs 
are inspired by long-distance white-matter and 
short-distance gray-matter pathways in the 
brain and by neuroanatomical topological maps 
found in cortical sensory and motor systems 
(21). One gray matter-inspired NoC enables 
spatial computing between adjacent cores 
(Fig. 3 and fig. S1). Another white matter- 
inspired NoC enables neuron activations to be 
spatially redistributed among all cores. 

Axiom 6: Another two NoCs enable reconfi- 


guring synaptic weights and programs on each * 


core for high-speed operation of compute units 
(Fig. 2, C and D). The brain’s organic biochem- 
ical substrate is suitable for supporting many 
slow analog neurons, where each neuron is 
hardwired to a fixed set of synaptic weights. 
Directly following this architectural construct 
leads to an inefficient use of inorganic silicon, 
which is suitable for fewer and faster digital neu- 
rons. Reconfigurability resolves this key dilem- 
ma by storing weights and programs just once 
in the distributed memory and reconfiguring 
the weights during the execution of each layer 
using one NoC and reconfiguring the programs 
before the start of the layer using another NoC. 
Stated differently, these two NoCs serve to sub- 
stantially increase (up to 256 times, in some 
cases) the effective on-core memory sizes for 
weights and programs such that each core com- 
putes as if the weights and program for the 
entire network are stored on every core. Conse- 
quently, NorthPole achieves 3000 times more 
computation and 640 times larger network 
models than TrueNorth (74), although it has 
only four times more transistors (supplementary 
text SI). 

Axiom 7: NorthPole exploits data-independent 
branching to support a fully pipelined, stall- 
free, deterministic control operation for high 
temporal utilization without any memory misses, 
which are a hallmark of the von Neumann ar- 
chitecture. Lack of memory misses eliminates 
the need for speculative, nondeterministic ex- 
ecution. Deterministic operation enables a set 
of eight threads for various compute, memory, 
and communication operations to be synchro- 
nized by construction and to operate at a high 
utilization. 

Axiom 8: Turning to algorithms and software, 
co-optimized training algorithms (fig. S3) enable 
state-of-the-art inference accuracy to be achieved 
by incorporating low-precision constraints into 
training. Judiciously selecting precision for each 
layer enables optimal use of on-chip resources 
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Fig. 1. Memory near compute and active memory: 
Processor memory organization dictates on-chip 
data pathways and usage model. (A) Physical 
organization of on-chip memory (blue) and compute 
(red) are diagrammed for representative processors, 
scaled to constant transistors per unit area. Large 
central blocks of memories separate compute from 
memory in central, tensor, and graphics processing units 
(CPU, TPU, and GPU)—which use off-chip memory 

(not shown) that can be 100 to 1000 times larger than 
the on-chip memory—and induce a hierarchical bus 
architecture (not shown) to relay data to cores. GPU 
(Nvidia A100, 54 billion transistors, 7-nm process node, 
60.25-megabyte on-chip memory) has 108 streaming 
multiprocessors (SMs) that share different partitions 

of the 40-megabyte L2 cache, with 192-kilobyte Ll cache 
or shared memory in each SM (26). TPU (Google TPUV4i, 
16 billion transistors, 7-nm process node, 144-megabyte 
on-chip memory) has four cores with 128 megabytes 

of common memory (27). CPU (AMD Zen 3, 4.15 billion 
transistors, 7-nm process node, 36.5-megabyte on-chip 
memory) has a 32-megabyte L3 cache shared by all 
eight cores, with much smaller L2 and L1 caches in 
each core (28). (B) NorthPole has no centralized 
memory, instead distributing on-chip memory across the 
core array to colocate memory near compute (axiom 4). 
NorthPole (22 billion transistors, 12-nm process node, 
224-megabyte on-chip memory) has a 16-by-16 array 
of cores (axiom 3) with enough on-chip memory (axiom 
4) to store entire networks for many applications, 
without loading weights or instructions from off-chip 
memory during computation. The 16 framebuffer colum 
NorthPole chip allow on-chip computation of the curren 
off-chip communication of othe 
accelerators such as CPU, GPU 


, and TPU, which have a 


t frame to overlap 
r frames. (C) Data flow diagrammed for 
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ns at the top of the 


hierarchy of off-chip 


memories, such as high-bandwidth memory (HBM) or d 


memory (DRAM), and centralized on-chip caches. The leftmost column 
lists the sequence of operations, with the corresponding memory 


(Application 
states and accesses in the columns to the right. Depend 
either an off-chip memory located on the accelerator card 


stores instructions and weights (dashes) for the entire network. For each frame, the 


host application puts input tensor(s) of activations (boxes) 
to be conveyed to compute cores via on-chip caches. 


without compromising inference accuracy (sup- 
plementary texts S9 and S10). 

Axiom 9: Codesigned software (fig. S3) auto- 
matically determines an explicit orchestration 
schedule for computation, memory, and com- 
munication to achieve high compute utiliza- 
tion in space and time while ensuring that 
there are no resource collisions. Network com- 
putation is broken down into layers, and each 
layer computation is spatially mapped to the 
core array. To minimize long-distance com- 
munication, spatial locality of neural activa- 
tions is maintained across layers when possible. 
To prevent resource idling, core computation 
and intra- and intercore data movement are 
temporally synchronized so that data and 
programs are present on each core before use. 
Together, algorithms and software constitute 
an end-to-end toolchain that exploits the full 
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lemory misses during the 


ynamic random access 


ing on the network size, 
or an on-chip cache 


into the off-chip memory 


capabilities of the architecture while providing 
a path to migrate existing applications and 
workflows to the architecture. 

Axiom 10: NorthPole employs a usage model 
that consists of writing an input frame and 
reading an output frame (Figs. 1D and 3), 
which enables it to operate independently of the 
attached general processor (J6). Once NorthPole 
is configured with network weights and an 
orchestration schedule, it is fully self-contained 
and computes all layers on-chip, requiring no 
off-chip data or weight movement. Thus, exter- 
nally, the entire NorthPole chip appears as a 
form of active memory with only three com- 
mands (write input, run network, read output), 
with the minimum possible input-output band- 
width requirement; these features make NorthPole 
well suited for direct integration with high- 
bandwidth sensors, for embedding in com- 
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buffer 


rd 


computation of the network trigger cores to repeatedly fetch data from more-distant 
levels of the memory hierarchy. For each layer, the data move back and forth 
between cores and memory. (D) North 
using prescheduling to ensure that there are no memory misses. For each frame, 
the host application writes input tensor(s) of activations (boxes) into the on-chip 
framebuffer to be conveyed to comp 
computation, reads the output tensor(s). NorthPole handles scheduling of layers 
and data movement internally while maintaining neuron activations entirely 
within the core array. There is no laye 
NorthPole, which has only three com 
read output tensor) and thus appears as an active memory chip, supporting 
operation that is autonomous from the host computer (axiom 10). 


Pole stores the entire network on-chip, 


ute cores and, at the end of network 


-by-layer interaction between the host and 
mands (write input tensor, run network, 


puting and IT infrastructure, and for real-time, 
embedded control of complex systems (22). 

Subsets of these axioms are found in pre- 
vious architectures; however, as a whole, they 
are distinctive to the NorthPole architecture 
(Figs. 1, B and D; 2; and 3), which delivers 
outstanding performance on the fundamental 
metrics of energy, space, and time (Fig. 4) at 
state-of-the-art inference accuracy. The whole 
is greater than the sum of the parts. Details of 
the architecture, usage model, and translation 
of axioms into quantitative architecture design 
choices are in the supplementary text. 


Silicon implementation 


NorthPole has been fabricated in a 12-nm pro- 
cess and has 22 billion transistors in an 800-mm? 
area, 256 cores, 2048 (4096 and 8192) opera- 
tions per core per cycle at 8-bit (at 4- and 2-bit, 
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Fig. 2. NorthPole axiomatic 
architecture and implementa- 


tion. (A and B) Core architecture 
schematic (A) and corresponding 
core circuit physical layout (B): 
Compute (red) includes the 
vector-matrix multiplier (VMM) 
and vector compute, which 

is integrated with memory 
(blue), and is driven by eight 
control threads (yellow). VMM 
supports 8-, 4-, and 2-bit pre- 
cisions (axiom 2). Memories 
for weights, programs, and 
neuron activations are shared 


Buffer 


Unified 
Weight / 
Program/ 
Activation 
Memory 


and unified. The unified 
memory is placed near the 
VMM and vector compute units 


(axiom 4). The physical place- Compute (Axiom 2) Networks-on-Chip (Axioms 5,6) | ; 
ment of the VMM, vector Memory (Axiom 4) 
units, and control units is 
intertwined, respectively, with 300 um 300 ym 
mS 


weight buffer, partial sum 
buffer, and program buffer 
memories (axiom 4). At each 
cycle on each core, the 

VMM multiplies an input 
activation vector from the 
unified memory with a weight 
matrix from the weight buffer 
and transmits the output to the 
vector units, which in turn 

can communicate with the 
vector units on adjacent cores 
and, eventually, transmit the 
output to an activation function 
unit that, finally, writes the 
output activations back into the 


Control (Axiom 7) 


Single Core 2 x 2 Cores (Axioms 3,4) 
A k 
l ) 
E 
Partial Sum Weight | At 
Buffer Buffer i 
= = = 


Full Chip (Axiom 10) 
i 


5mm 


unified memory. The control unit has eight concurrent threads for orchestrating 
compute and communication (axiom 7). (© and D) Core NoC schematic (C) and 
core wire physical layout (D): A 512-wire partial sum NoC (green) transfers 
values between vector compute units in adjacent cores, enabling spatial 
computing (axiom 5); a 256-wire activation NoC (orange) transfers input frames 
to the cores from the framebuffer, transfers output frames from the cores to the 
framebuffer, and enables shuffling neuron activations among the unified memory 
of cores (axiom 5); a 1024-wire model NoC (magenta) carries distributed synaptic 


weights to the weight buffer (axiom 6); and a 256-wire instruction NoC (teal) 
delivers distributed instructions to the program buffer (axiom 6). (E) Schematic 
of spatially tiled two-by-two core array illustrating core-to-core communication 
using NoCs. (F) Die photograph of the manufactured, fully functional NorthPole 
chip with a 25-mm-by-31.8-mm footprint, illustrating periphery (input and 
output, queuing, and scheduling; axiom 10), framebuffer memory (for input and 
output tensor storage; axiom 10), and a 16-by-16 core array (axiom 3) where each 
core is 1.53-mm-by-1.65-mm and has 768 kilobytes of memory per core (axiom 4). 


respectively) precision, 224 megabytes of 
on-chip memory (768 kilobytes per core, 
32-megabyte framebuffer for input-output), 
more than 4.096 wires crossing each core both 
horizontally and vertically, and 2048 threads. 
It is also fully operational in the first silicon 
implementation (Fig. 2F), is now deployed in 
a PCle form factor printed circuit board (fig. 
82), and has an end-to-end software toolchain 
(fig. S3 and supplementary texts S8 to S15). 
Implementation details are provided in sup- 
plementary texts S16 to S19. On the bench- 
mark ResNet50 network, NorthPole can operate 
at frequencies ranging from 25 to 425 MHz with 
nearly linear power scaling (fig. S4), making 
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it suitable for a myriad of applications from 
cloud to self-driving cars and achieving an un- 
precedented absolute energy metric of >1000 
frames per joule (red point in fig. $4), with 
respect to energy consumed just by the North- 
Pole processor. Implementations of ResNet50 
with 8-, 4-, mixed 4/2-, and 2-bit layers 
lead to progressively higher throughput and 
higher energy efficiency (fig. S5) and to 
progressively lower memory usage (supple- 
mentary text S11). 


Energy, space, and time 


For methodological rigor that ensures a fair and 
level comparison of various implementations, it 
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is critical that all evaluation metrics be inde- 
pendent of the details of the implementations, 
which can vary arbitrarily across architec- 
tures at the discretion of the designers. The 
architecture-independent goodness metric 
adopted here is that all implementations must 
be measured at state-of-the-art inference accu- 
racy. The architecture-independent cost metrics 
adopted here are now introduced. 

Turning first to energy, different integrated- 
circuit (IC) implementations have different 
throughputs [in frames per second (FPS)] at 
different power consumptions (in watts). There- 
fore, FPS per watt (equals frames per joule) is a 
widely used energy metric for comparing 
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Fig. 3. NorthPole supports a spatial computing model for cortex-like topographic computing by exploiting 
network connectivity between adjacent cores. (A) An input image is divided into 16 subimages that are 
distributed to the framebuffer and then into 256 subimages that are distributed to the core array while retaining 
spatial structure (axiom 3). Intercore connectivity (axiom 5) enables receptive fields of neurons on a core to 
span nearby cores. [Photo credit: Raymond Parsons, used with permission] (B) The power consumption 
estimation in milliwatts by vector-matrix multipliers in the 16-by-16 NorthPole core array for the first convolutional 
layer of the ResNet50 network. Power consumption is computed by running a gate-level simulation of the 
NorthPole silicon design. The increased energy consumption shown in red matches the shape of the bird, 
demonstrating the in situ, activity-dependent neural computation of NorthPole that requires minimal 
communication between neighboring cores. (C) The average spatial intensity of tensor neuronal activation is 
shown for a layer about halfway through the layer-by-layer computation of the ResNet50 network. Comparing 
(C) with (A) demonstrates the slow spatial dispersion of neuron activity through the layers. 


ICs. On this metric, Fig. 4A (@ axis) compares 
prevalent architectures with NorthPole. Com- 
pared with the V100 GPU, which is imple- 
mented using a comparable 12-nm silicon 
technology process node and with a compara- 
ble number of transistors, NorthPole delivers 
25 times more frames per joule. Many other 
compared architectures use silicon process 
nodes that are more advanced than 12 nm, and 
even though these architectures have an in- 
herent advantage of using transistors with 
greater energy efficiency, NorthPole outper- 
forms them. Even relative to the H100 GPU, 
which is implemented using a 4-nm silicon 
process node, NorthPole delivers five times 
more frames per joule. NorthPole has high energy 
efficiency because of less data movement, which 
is enabled by a lack of off-chip memory, the 
intertwining of on-chip memory with compute, 
the locality of spatial computing, and a better 
use of low-precision computation. Figure 4C 
decomposes FPS per watt into a product of FPS 
and 1/watt to illustrate through iso-energy- 
efficiency curves that, for prevalent architec- 
tures, higher FPS or lower power come, re- 
spectively, at the cost of higher power or lower 
FPS. Architecture trumps Moore’s law. 
Turning next to space, different ICs occupy 
different areas in different technology processes 


Fig. 4. NorthPole outperforms A B lso-Space Metric (y-axis of Fig. 4A) 
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and latency are reported at various batch sizes of 1, 2, 4, 8, 16, and 32. Compared with most comparative architectures, NorthPole achieves lower latency at similar 
throughput or, alternatively, higher throughput at lower latency. TSP (Tensor Streaming Processor) (23) is optimized for low latency but has substantially lower energy 
and space efficiencies. Power for all architectures includes total board power. For the details of each data point, see Table 1. 
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but can be compared in terms of the num- 
ber of transistors. Therefore, FPS per billion 
transistors is a meaningful space metric for 
comparing ICs. On this metric, Fig. 4A (y axis) 
demonstrates that NorthPole outperforms 
prevalent architectures and that NorthPole 
delivers five times more FPS per billion tran- 
sistors than the V100 GPU. It is notable that an 
architecture that devotes substantially more 
transistors to memory than logic outperforms 
prevalent architectures that devote substan- 
tially more transistors to logic than memory, 
on a performance-per-transistor space metric. 
To throw light on this advantage, observe that 
the space metric, FPS per billion transistors, 
can be decomposed into a product of normal- 
ized instantaneous parallelism [(frames per 
cycle) per billion transistors] and clock rate 
(cycles per second). All compared architectures 
implement considerably faster clock rates than 
NorthPole, and yet NorthPole outperforms on 
the space metric by achieving substantially 
higher instantaneous parallelism (through high 
utilization of many highly parallel compute 
units specialized for neural inference) and sub- 
stantially lower transistor count owing to low 
precision (Fig. 4B). 

Turning finally to time, different ICs permit 
different numbers of input frames to be bundled 
for processing in a batch, so batch size per FPS, 
or latency, is an appropriate time(-to-solution) 
metric. NorthPole throughput and latency are 
reported at various batch sizes of 1, 2, 4, 8, 16, 
and 32, thus providing an entire throughput- 
latency frontier that envelops most of the pre- 
valent architectures (Fig. 4D). For example, 
with a batch size of 32, NorthPole can achieve 
ahigh throughput of 42,460 FPS at a latency of 
753 ws, and, with a batch size of one (a single 
image), NorthPole can operate at a low latency 
of 106 us at a throughput of 9454 FPS [(23) 
reports a processor with lower latency but also 
lower energy and space efficiencies]. North- 
Pole achieves a lower latency because it has a 
higher FPS owing to massive parallelism, has 
low latency local memory access, and hides 
communication latency behind compute ope- 
rations, and because it can compute with much 
smaller batch sizes while maintaining high 
utilization owing to spatial computing. 

The results shown in Figure 4 derive from 
the ResNet50 image classification network, 
which is widely used as a benchmark. Similar 
comparative results can be seen for the Yolo- 
v4 detection network (fig. S6). 


Applications 


NorthPole’s on-chip memory is sufficient to 
implement many widely used networks across 
a variety of application domains; a few cano- 
nical examples are the ResNet family (for clas- 
sification), Yolo and SSD-VGG (for detection), 
PSPNet (for segmentation), RetinaMask (for 
instance segmentation), BERT (for natural lan- 
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guage processing), and DeepSpeech2 (for speech 
recognition). For examples of networks that 
are implementable on a single NorthPole chip, 
see supplementary text S12 and tables S7 to 
$12. With 4- or 2-bit precisions, the number of 
neural network weights stored on NorthPole 
can be doubled or quadrupled, respectively. 
Memory permitting, more than one network 
can be resident in the on-chip memory, thus 
supporting multitenancy. Inspired by the brain, 
which has no off-chip memory, NorthPole is 
optimized for on-chip networks, but, if so de- 
sired, larger networks can be broken down into 
smaller subnetworks that do fit in NorthPole’s 
model memory, and these subnetworks can 
be pipelined on multiple NorthPole chips (sup- 
plementary text S25). Given the present sili- 
con technology roadmap (JO), 50 times more 
memory on-chip seems possible by going 
from 37 million transistors per square mil- 
limeter on the present 12-nm implementation 
to 2 billion, thus enabling much larger net- 
works to fit on-chip. 


Conclusions 


As seen from the inside of the chip, at the level 
of individual cores, NorthPole appears as mem- 
ory near compute; as seen from the outside of 
the chip, at the level of input-output, it appears 
as an active memory. NorthPole is an archi- 
tectural innovation at the intersection of 
brain-inspired computing and semiconductor 
technology, which defines a frontier that prom- 
ises to expand. Specifically, the NorthPole 
trajectory promises to evolve along dimen- 
sions of algorithms (natively optimized for 
NorthPole), systems (scale-out with multiple 
boards, scale-up with multiple chips per board, 
and direct sensor integration), modularity (chip- 
lets with varying core array sizes from tiny to 
large), packaging (heterogeneous chiplet in- 
tegration), architecture (tileability, three- 
dimensional integration), silicon scaling (JO), 
silicon optimization (24), and, potentially, post- 
silicon technologies (25). Interestingly, the 
EDVAC report began with neurons and sy- 
napses, and now the rising importance of 
neural inference applications has brought the 
field full circle. 
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WORKING LIFE 


By Roel Snieder 


338 


Just be kind 


was a junior professor, stressed and working myself to exhaustion yet still feeling inadequate both 
at work and at home. So, when three students from my introductory programming course came 
to my office at the end of the semester with concerns about their grades, I didn’t feel I had time to 
deal with their complaints. I felt they simply hadn’t learned the material, and I told them to leave 
my office. Months of unpleasantness followed as the issue escalated and eventually came before a 
university arbitration committee. In hindsight I could see I should have listened to the students’ 
concerns. But I was too wrapped up in judgment, competition, and overwork to be kind. 


As I pursued my research career, I 
operated from the premise that to 
contribute to science I had to give it 
everything—and I expected the same 
from those around me. Even though 
I had been trained by advisers who 
combined brilliance with care, I had 
bought into the mindset that only 
the fittest survive in science. It had 
brought me success: a solid track 
record of publications and funding, 
and a faculty position. I was also 
chronically tired and plagued by 
feelings of insufficiency when I com- 
pared myself with colleagues who 
were more productive and other par- 
ents who seemed to be better with 
their kids—but I didn’t see another 
way to proceed. 

The turning point came a few 
years later during a conversation 
with a good friend who works out- 
side academia. When I told them 
about my struggles with overwork and inadequacy, they 
asked, “Does the fact that you can do better mean that you 
are not doing a good job?” That prompt helped me see that, 
apart from the occasional misstep, I was doing well at my job 
and that my children were growing up in a loving home. I 
realized that what needed to change was not my work, but my 
mindset. I had to learn to accept that perfection is an illusion 
and that there is a place for compromise. 

This shift made me reflect on how I wanted to behave as 
a scientist and a teacher. Was this career about racking up 
the largest number of publications? Did I want to focus my 
teaching on the brightest students while ignoring the needs 
of others? The answer to both questions was negative; yet my 
actions said otherwise. I needed to be more intentional about 
making my career meet my personal priorities. 

This launched me on a decadelong effort to shift my 
behavior. One strategy that helped was practicing men- 
tal hygiene, an approach I learned through a psychiatrist 


“| was too wrapped up 
in judgment, competition, 
and overwork.” 


friend and classes at an interfaith 
church. It taught me to monitor my 
thinking, eliminate toxic thoughts, 
and choose what mindset I want to 
embrace. I began to make a point 
of empowering others rather than 
judging them, finding mentors and 
role models to guide me and hold 
me accountable, refraining from 
gossip, and building meaningful 
relations as a foundation of my aca- 
demic career. It wasn’t always easy, 
but changing my mindset was key 
in counteracting the negativity that 
can permeate academic culture, 
and that I had taken on. 

I’ve also developed three concrete 
work habits that enable me to real- 
ize my intentions while also further- 
ing my research and career: building 
personal connections, sharing ideas 
freely, and being a reliable and fun 
collaborator. I’ve seen how working 
with colleagues with whom I have a personal connection 
unleashes creativity and progress. Such connections don’t 
form overnight. But when I take the time to nurture them by 
sharing meals and personal conversations—which earlier in 
my career I might have rushed through or not done at all— 
I know that is time well spent. And my productivity hasn’t 
suffered; if anything, my research has benefited from the in- 
creased creativity and engagement. 

Sometimes I fail to live up to my intentions for the simple 
reason that I forget and get carried away. Recently, for exam- 
ple, I found myself snapping at a colleague when I felt over- 
whelmed by bureaucratic demands in the busiest time of the 
semester. The good news, however, is that we don’t need to 
be perfect to be good. What I’ve learned in my journey of de- 
cades can be summarized in a single sentence: Just be kind. 


Roel Snieder is a professor at the Colorado School of Mines. 
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